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ABSTRACT 


This  abstract  describes  briefly  the  final  report  of  the  accomplishments  and 
progress  made  during  the  U.S.  Army  Electronics  Research  and  Development 
Ia.boratoi’ie3  Higli-Capacity  Magnesium-Battery  Program  by  the  Radio  Corporation 
of  America,  Semiconductor  and  Materials  Division,  Somerville,  Nev  Jersey. 

This  program  vas  conducted  during  the  period  from  1  June  i960  through  30 
November  I962. 

Characteristic  data  are  presented  for  magnesim/magnesium-perchlorate  reserve 
cells  discharged  at  temperatures  as  low  as  -140®F.  Cathode  efficiency  data 
as  a  function  of  temperature  and  ctirrent  drain  are  also  presented. 

Factors  affecting  the  performance  of  dry  cell  batteries  were  investigated. 
Cathode  efficiencies,  storage  characteristics,  euid  electrode  surface  phenomena 
were  evaluated. 

Data  are  also  presented  for  a  newly-developed  magnesium/mercuric-oxide 
meteorological  battery,  including  discharge  data  for  tanperatures  as  low  as 
-58*P. 


ABSTRACT 


This  abstract  describes  briefly  the  final  report  of  the  accomplishments  and 
progress  made  during  the  U.S.  Army  Electronics  Research  and  Development 
laboratories  High-Capacity  Magnesium-Battery  Program  by  thd  Radio  Corporation 
of  America,  Semiconductor  and  Materials  Division,  Somerville,  New  Jersey. 

This  program  was  conducted  during  the  period  from  1  June  i960  through  30 
November  I962. 

Characteristic  data  are  presented  for  magnesium/magnesium-perchlorate  reserve 
cells  discharged  at  temperatures  as  low  as  -to®F.  Cathode  efficiency  data 
as  a  function  of  temperature  and  cturrent  drain  are  also  presented. 

Factors  affecting  the  performance  of  dry  cell  batteries  were  investigated. 
Cathode  efficiencies,  storage  characteristics,  and  electrode  surface  phenom  1 
were  evaluated. 

Data  are  also  presented  "  '  newly-developed  magnesium/mercuric-  ade 

meteorological  ba' including  discharge  data  for  temperate  es  as  low  as 
-58‘’P. 


1.  PURPOSE 


The  purposes  of  this  research  and  development  contract 

1.  develop  practical  Mg-CuO  and  Mg-HgO  reserv^^^Hs  suitable  for  use 
in  high-rate  batteries, 

2.  characterize  the  Mg/Mg( CIO,^) g/CuO  dry  cells,  and 
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3.  perform  research  atudles^^^^  teimlne  the  factors  and  mechanisms 

controlling  anode  efflfi»^“=y»  inhibitor  function,  and  delayed  action 
of  magnesium  Emphasis  ms  placed  on  the  perchlorate  electrolyte. 


2.  SUMMARY 


2.1  GENERAL 

A  two-and-one-half-year  study  program  was  carried  out  to  investigate  electro¬ 
chemical  phenomena  which  affect  performance  characteristics  of  high-capacity 
magnesium  reserve  and  dry-cell  primary  batteries  with  a  perchlorate  electro¬ 
lyte.  Areas  of  investigation  which  received  special  attention  during  this 
program  are  the  following: 

a.  high-rate  and  low-temperature  reserve  cells. 

b.  dry  cells. 

c.  basic  research. 

2.2  RESERVE  CELLS 

'’lie  development  of  practical  Mg-HgO  and  Mg-CuO  reserve  cells  is  described, 
j.  '  capacity  of  the  Mg-HgO  cell  is  over  50  watt-hours  per  pound  and  3.3  watt-hours 
per  c  inch.  Both  cells  were  shown  to  be  affected  adversely  by  the  heat 

general  v  by  the  magnesium  anode.  Data  is  presented  to  show  that«  by  the  use 
of  heal’,  inks,  efficient  operation  of  both  systems  can  be  obtained  on  a  10- 
m-!nute  S'^harge  rate. 

’Xiring  u  court.-  of  .lis  program,  factors  affecting  the  perfoimance  of  reserve 
Mg-HgO  FI  Mg-CuO  ct:  a  were  investigated.  It  was  deteimined  that  reserve 
cell  per.'  ranee  ca  i  e  improved  to  an  appreciable  degree  by  changes  and 
modlficat*  ,is  in  thr  (following  areas: 

a.  V  ;hode  mi.'  formulation. 
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b.  cathode  mi::  preparation. 

c.  cathode  mix  additives. 

d.  cathode  grid. 

e.  Mg  alloy  tj'pe. 

f.  electrolyte  type  and  concentration. 

Optimum  conditions  are  given. 

2.2.1  Lov  Temperature  Application  of  Mg-HgO  Reserve  Cells 

A  detailed  analysis  of  the  heat-generating  mechanism  of  the  magnesim 
anode  and  its  effect  on  magnesium  perfoniance  was  investigated.  The 
application  of  this  heat  generation  v/as  used  as  an  approach  to  the 
design  of  low-temperature  batteries.  Magnesiur-./mercuric-oxide  batteries 
were  designed  equivalent  to  the  BA-253/u  meteorological  batterj/-.  This 
battery  gave  greatly  increased  performance. 

The  use  of  a  polyurethane  Insulating  jacket  vra.s  sho:m  to  be  practical 
for  the  design  of  batteries  on  24-hour  discharge  rates.  A  niagnesium/ 
mercuric -oxide  battery  with  50-w-hr/lb  capacity  at  -4o®F  on  a  24-hour 
discharge  rate  vra,s  demonstrated. 

As  part  of  the  low-temperature  program,  the  properties  of  electrol,'/d:es 
were  studied  extensively.  Such  factors  as  low- temperature  conductivity, 
specific  conductivity  of  various  electrolytes,  and  variations  in  electro 
lyte  viscosity  xd.th  temperature  changes  were  investigated. 

2.3  DRy  CELLS 

The  fcasic  properties  --  shelf  life,  intermittent  performance,  impedance,  de¬ 
layed  action,  operating  temperature  —  of  the  magnesium/manganese  dioxide 
dry  cell  and  the  ,n»gnesiiaii/cupric-oxide  dry  cell  were  characterized.  The 
delayed  action  of  Mg/CuO  and  Mg/WnO^  A-cells  was  unaffected  by  storage  at 
70*  and  113*F.,  and  the  Impedance  was  essentially  the  same  after  storage  for 
five  months  at  113 'F  and  six  months  at  70'F.  Tne  capacity  retention  on  the 
Mg/^fa02  cells  at  both  temperatures  exceeded  shelf  life  of  the 

magnesium/cupric- oxide  dry  cell  exhibited  a  drop-off  at  113  F* 
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The  low-temperature  properties  of  the  magnesium/manganese-dioxide  dry  cell 
was  evaluated.  Data  are  presented  to  show  that  the  low-temperature  perform¬ 
ance  Is  a  function  of  electrode  surface  area. 

2.k  RESEARCH  STUDIES 

It  was  attempted  to  establish  a  correlation  between  the  Impedance  and  the 
film  formation  of  the  magnesium  anode.  Measurements  of  the  capacitance  and 
resistance  of  the  corrosion  film  showed  that  the  exi)08ed  area  (A^  -  A^) 
decreased,  as  predicted,  with  decreases  in  current  density.  A  relationship 
between  exposed  anode  area  and  anode  efficiency^  as  a  function  of  current 
density^was  developed. 
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3.  EXPERIMENTAL  AMD  FACTUAL  DATA 


3.1  PRIOR  WORK  ON  MAGNESIUM  PRIMARY  CELLS  WITH  A  MAGNESIUM  PERCHLORATE 
ELECTROLYTE 

Prior  to  this  contract,  a  research  program  at  the  RCA  Laboratories  demon¬ 
strated  the  advantages  of  a  perchlorate  electrolyte  in  magnesium  primary 
cells.  Some  of  the  Important  properties  of  the  perchlorate  electrolyte  are: 

a.  It  is  less  corrosive  to  a  magnesium  anode  than  either  a  magnesium 
chloride  or  a  magnesitm  brcmide  electrolyte.  At  high-current  drains, 
magnesium  operates  at  an  anode  efficiency  of  80  percent.  This  feature 
reduces  the  amount  of  water  required  for  cell  reaction  and  the  amount 
of  Mg(OH)g  formed.  These  properties  are  desirable  for  the  efficient 
design  of  magnesium  primary  batteries. 

b.  Magnesium  has  a  low  level  of  static  corrosion  in  a  perchlorate  electro¬ 
lyte,  thereby  insuring  a  good  shelf  life  for  dry  cells  or  an  extremely 
long  activated-stand  capability  for  reserve  cells. 

c.  The  perchlorate  electrolyte  does  not  react  with  cupric  oxide,  mercuric 
oxide,  silver  II  oxide,  or  nickel  dioxide,  thereby  pennitting  the 
coupling  of  these  hleh-cape^clty  cathode  materials  to  a  magnesium 
anode.  These  are  the  most  desirable  cathode  materials  for  the  design 
of  batteries  with  a  high  capacity  at  high  discharge  rates. 

The  perfoxmance  characteristics  of  the  magneslum/magneslum-perchlorate  cells 
are  presented  in  Figures  1,  2,  3^  and  Presented  in  Figures  1  and  2 
are  watt-hour  capacity  data  per  unit  of  weight  and  volume  obtained  from  single 
cells. 
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FIGURE  1.  CAPACITY  OF  VARIOUS  DRY  CEILS  AS  A  FUNCTICW  OP  DISCHARGE  TIME. 
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FIGURE  5.  DELAYED  ACTION  OF  D-CELLS  DISCHARGED  THROUGH  6.6  OHMS  FOR  4  MIN  &\CH/1/2  HOUR  FOR  2k  HOURS  PER  JAY 


As  evidenced  by  the  data  presented  in  Figure  3  and  in  lable  1,  satisfaetoxy 
shelf -life  data  have  been  obtained  frot  cells  made  vith  cupric  and 

synthetic  nanganese  dioxide. 

The  l^pedance  of  M^Mg(C10j^)2/H:>02  (African)  AA-sise  cells  has  been  shown  to 
be  slBllar  to  that  of  ecnparable  Mg/MgBrg/MiOg  (Afr.)  AA>size  cells.  Data 
for  the  Uiqpedance  of  Hg/Mg(C10^)2/Mn02  (Afr.),  Mg/MgBrg/ltoOg  (Afr.),  and 
eaawrcial  LeClaache  cells  as  a  function  of  load  resistance  are  presented 
in  Figure  4. 

The  delsyed  action  of  nagnesiun  cells  containing  a 

electrolyte  in  prellmlnaiy  studies  has  been  shown  to  be  less  t.hA«  that  of 
SlBllar  cells  containing  a  magaesluB-brcBd.de  electrolyte.  This  is  parti¬ 
cularly  true  for  applications  in  which  the  tine  between  discharges  is  short 
as  evidenced  by  the  delayed  action  data  for  D-slze  cells  on  a  test  simulating 
the  BA-30  test  presented  in  Figure  5. 

3.2  BSSEam  CELLS 

3*2.1  Magneaitm/Cupric-Qxide  Reserve  Cells 

The  Bagneslum/cupric-oxlde  system  was  selected  for  the  development  of  a 
hlcdi-capacity  reserve  battery  for  the  following  reasons; 

a.  High  capacity  per  unit  wei^d^t  Mid  volume. 

b.  Flat  discharge  curve. 

c.  PotentleLL  low  cost. 

3. 2. 1.1  Magnesium-Cupric  Oxide  Reserve  Cell  Design 

A  3>SBq^re-hour  cell  was  selected  for  initial  study  and  characterization 
because  this  size  cell  is  readily  adapted  to  laboratory  developsMnt  and 
conparlson  to  other  systems. 

The  cathode  plates  were  constructed  using  technlqiaes  previously  developed 
in  this  laboratory.  The  following  stops  are  used  in  the  assembly  of  a 
cupric  oxide  cathode: 

a.  Dry  blend  cupric  oxide  with  Sbawinlgaa  Acetylene  using 

standard  technlqjues. 
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b.  Prepare  a  wet  mix  using  a  water  solution  of  HV  CMC  ( carboxymethyl 
cellulose)  with  suitable  wetness  to  piuvide  waxlrnim  ease  of  handling 
in  steps  c  and  d. 

c.  Paste  a  weighed  amount  of  cathode  mix  on  the  meted  grid. 

d.  Apply  the  separator  material  filter  paper  to  the  wet  cathode  plate 
and  press  it  3000  to  5000  psi  for  several  seconds. 

e.  Air  dry  overnight. 

In  the  following  studies ,  the  anode  and  cathode  specifications  are: 

a.  Cathode: 

Size  -  2x2  inches 

Grid  -  25/0. 010- inch  woven  bronze  screen,  0.575  g/in 

Trtth  a  1/2  X  3/^-inch  tab  for  making  connections. 

Wet  mix  composition  -  14.2.85^  CuO 

10.7^  Shawlnigan  Acetylene  Black 
h’y.li  HgO 
.7?t  HV  CMC 

Separator  -  analytical  grade  filter  paper 
Theoretical  capacity  per  plate  -  85  ampere-minutes. 

b .  Anode : 

Size  -  2x2  inches  with  l/2  x  3/^' Inch  tab  for  making 

connections. 

Weight  -  0.005-inch  plate  0,jU  g 

0.010-inch  plate  I.06  g 

0.0l4-inch  plate  1.73  S 

Iheoretical  capacity  per  plate  (not  Including  tab) 

0.005-inch  76.7  amp-min 

0.010-inch  I5I  amp-min 

O.Olk-inch  200  amp-min 

c.  Cell  Assembly: 

The  cells  were  assesibled  by  soldering  four  cathode  plates  together 
and  interweaving  5  magnesium  anode  plates  between  the  cathode 
plates.  The  tabs  of  emode  plates  were  spotwelded  together  emd 
connected  to  a  copper  wire  lead. 
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Cell  Characterization 


Effect_of  Discharge  Rate 

The  discharge  characteristics  of  3  amp-hr  Mg-CuO  cells  determined 
under  constant  current  drains  of  10  to  25  amperes  are  presented 
below  and  in  Figure  6,  7,  and  8. 


Mfigneslum  Discharge  Average  Cathode 


Anode 

Time  (min) 

Voltage 

Efficiency 

10.0 

0.0l4-inch,  C.P. 

30 

0.835 

88 

20.0 

0.0l4-inch,  C.P. 

13 

0.82 

76.5 

25-4 

0.005-inch,  C.P. 

6.5 

0.715 

49 

20.0 

O.Ol6-inch,AZ-31B 

9.4 

0.68 

55 

Cep._^udies_at  ^w-Dlscterge  Rates 

Cupric  oxide  cells  were  constructed  with  five  2  x  2- inch  cathode 
plates  onto  which  was  spread  a  6:1  ratio  of  cupric  oxide  to 
Shawinlgan  black  mix  containing  a  two-percent  mercurous-chromate 
inhibitor.  Tlie  theoretical  coulOTibic  cathode  capacity 
was  590  an5)ere-mlnutes.  The  anode  consisted  of  six  2  x  2- inch  pure 
magnesium  plates. 

Discharge  characteristics  at  constant  currents  of  one,  two,  and  four 
an^eres  are  presented  in  Figure  9  and  Table  II.  Cells  discharged  at 
room  temperature  used  a  water  heat  sink  to  limit  the  temperature  rise. 
The  data  show  that  a  discharge  voltage  is  obtained  with  good  cathode 
efficiency  to  the  0.90  voltage  cutoff. 

Low  Temperati^e  Disch^ge 

Cupric  oxide  cells  of  the  above  construction  were  discharged  at  the 
2.0  and  4.0-ampere  drains  at  temperatures  down  to  -58*F.  Data  showing 
the  effect  of  temperature  on  the  discharge  characteristics  are  pre¬ 
sented  in  Figures  10  thru  12  and  Table  III.  Results  show  poor  low- 
ten3)erature  capacity  is  obtained  for  cells  discharged  in  an  uninsulated 
plastic  case.  However,  the  use  of  one-half- inch-thick  polyurethane 
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C.P.- Mg  ANODE 


;s  IN  aw  Mg(cio.  >3  eusctrolyte. 


FIGURE  7.  CAPACITY  DATA  FOR  Mg/CuO-RESERVB  CEU.  UNDER  A  CONSTANT- CURRENT  DRAIN  OF  25.4  AMPERES 

IN  2N  Mg(  010^)2  EI£CTROLYTE. 


FIGURE  8.  CAPACm  DATA  FOR  Mg/CuO-RESERVE  CBU.  DHDER  A  COHSTAHT-CURBEST  DRAIN  OF  10.0 

AMPERES  IH  2H  MgCClOj^)^  ELECTROLYTE. 


FIGURE  9.  CAPACITY  DATA  FOR  M£5/Mg( CIO^) g/CuO  RESERVE  CEU^  AT  VARIOUS  DISCHARGE  DRAINS  AT  70*F. 


DISCHARCffi  CURRENT 

— 

AMBIENT  TEMPERATURE 

DlSCffi 
(TO  0 

VOLTS 

CATHODE  EFFICIENCY 

(anperes) 

(“F) 

Hours 

Minutes 

(av) 

(percent) 

1.0 

.  70®  with  water 
heat  sink 

8 

30 

1.06 

86.5 

2.0 

70*  with  water 
heat  sink 

4 

22 

1.10 

89 

4.0 

70*  with  water 
heat  sink 

2 

3 

1.06 

81.8 

2.0 

-  4“ 

- 

50 

1.00 

17 

2.0 

O 

O 

1 

- 

40 

1.02 

17 

2.0 

-40** 

4 

3 

1.02 

82.3 

Cell  dlsobai^ed  In  l/2-lnch-pol^virethane  insulation. 


TABLE  ZI.  DISCHABCS  DATA  FOR  Mg/CuO  CELLS  AT  VARIOUS  DISCHARGE  CURRENTS  AND 

TIMPERATUBES . 


CELLS  DISCHARGED  AT  A  CONSTAMT-CURRafT  I»AI»  OF  4.0 


CAPACITY  TO  20-PER- 

CENT  VOLTAGE  I«0P _ 

DISCHARGE 

CURRENT 

AMBIENT 

TEMPERATURE 

DIf 

1 

SCHARGE 

"IME 

VOLTS 

( anperes ) 

("F) 

Hours 

Minutes 

(av) 

CELL  CASE 

1.0 

70° 

8 

30 

1.06 

noninsulated  plastic  plus 
heat  sink 

2.0 

70° 

B 

20 

1.10 

noninsulated  plastic  plus 
heat  sink 

2.0 

-  4“ 

1.29 

l/2-inch  polyurethane 

2.0 

-40° 

5 

1.02 

l/2-lnch  polyurethane 

2.0 

-58° 

23 

1.06 

l/2-inch  polyurethane 

4.0 

70? 

2 

3 

1.06 

noninsulated  plastic  plus 
heat  sink 

4.0 

-  4* 

1.35 

l/2-lnch  polyurethane 

4.0 

-40° 

21<« 

1.26 

iy2-inch  polyurethane 

4.0 

-58° 

2 

1.33 

1/2-inch  polyurethane 

1.0 

-  4“ 

4 

.98 

1/2-lnch  polyurethane 

1.0 

-40° 

4 

.95 

l/2-lnch  polyurethane 

1.0 

-58° 

4 

.96 

l/2-inch  polyurethane 

2.0 

-  4* 

50 

1.00 

noninsulated  plastic 

2.0 

-40° 

48 

1.02 

noninsulated  plastic 

4.0 

-  4° 

27 

.89 

noninsulated  plastic 

to  1.10  volts  MT-W 

'  '  to  0.80  volts 


TABLE  III.  CAPACITY  DATA  FOR  Mg/Mg(C10^)2/Cu0  RESERVE  CELTS  AT  VARIOUS 
DISCHARGE  RATES  AND  TEMPERATURES. 


insiilation  at  -1jO“F  increased  the  capacity  to  92  percent  of  the 
capacity  obtained  at  room  temperature.  Hie  data  indicate  that  the 
cupric-oxide  system, pem  operate  at  low  temperature  with  good  capacity 
(similar  to  the  other  magnesium  systems)  provided  that  the  dissipated 
heat  is  maintained  within  the  cells,. 

The  test  data  show  that  room-temperature  capacity  is  obtained  at 
tanperatures  down  to  -58*F  for  cells  with  a  polyurethane  jacket.  Ca¬ 
pacity  of  noninsulated-case  cells  discharged  at  -4*  and  -40®F  dropped 
to  less  than  20  percent  of  optimum  capacity.  Kiese  results  show 
that  the  cupric -oxide  cathode  is  highly  temperature  dependent  and 
that  control  of  heat  within  the  cell  will  affect  cell  capacity. 

Also,  the  cupric-oxide  cathode  has  a  high  temperature  coefficient 
and  wide  variation  of  cell  voltage  can  be  obtained.  Data  presented 
in  Figures  13  and  l4  show  a  variation  of  magneslum/cupric- oxide  cell 
voltage  with  temperature  over  a  temperature  range  of  0  to  80®C.  3his 
variation  is  confirmed  by  the  increase  in  cell  voltage  of  cells 
enclosed  in  a  one-half  inch  polyurethane  case  as  shown  in  Figures  11 
and  12.  The  hijji  operating  voltage  indicates  an  internal  cell  tem¬ 
perature  above  40*C. 

Ihp  low  temperature  studies  of  the  cupric  oxide  system  described 
abuve  show  that  good  capacity  can  be  obtained  down  to  at  least  -^8®F. 
Cell  operating  temperature  however,  must  be  controlled  by  the  battery 
des-ign  to  Insure  proper  operating  voltage. 

The  cells  were  placed  in  a  plastic  test  container  to  restrict  volume 
and  were  discharged  in  excess  2N  Mg(C102^)2  five  minutes  after  actl''  a- 
tlon.  All  cells  showed  a  voltage  rise  during  discharge  which  ms 
greatest  at  the  lifter  drains  as  evidenced  by  the  10-ampere  discharge 
data  in  Figure  8.  Ihe  voltage  changes  that  occur  during  discharge 
are  believed  to  be  due  mainly  to  the  heat  evolved  by  the  cell  reactions. 

The  effects  of  the  CuO-to-ceurbon  ratio  on  the  cathode  efficiency  and 
the  voltage-time  characteristic  were  determined  on  cells  with  a 
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FIGURE  14.  TIMPERATURE  DEPEKDENCE  OP  THE  Mg  ANODE  AND  CuO  CATHODE  IN  A  Mg/Cuf 
RESERVE  CELL  IN  2N  Mg(C10^)j,  ELECTROLYTE. 


Theoretical  capacity  of  300  to  3^0  ampere-minutes  on  a  20-ampere  drain. 
In  these  cells,  the  number  of  plates  in  the  cathode  vas  varied  to  keep 
the  theoretical  capacity  approximately  constant.  The  cathode  efficiency 
increases  as  the  active  material  ratio  is  decreased  and  as  the  plate 
surface  area  is  increased  as  shown  in  Figure  15  and  Table  IV.  As  would 
be  expected  if  the  voltage  rise  is  caused  by  the  heat  evolved,  the 
CuO-to-carbon  ratio  had  little  effect  on  the  percentage  voltage 
Increase. 

3.2.2  Research  Studies 

A  research  study  was  initiated  to  determine  the  mechanism  by  \dilch  the  heat 
evolved  Influences  the  voltage  behavior  of  the  magneslum/cuprlc- oxide 
reserve  cell  system.  The  temperature  rise  found  on  cell  discharge  Is  due 
to  the  heat  evolved  by  the  corrosion  reaction  and  by  the  Irreversibility 
of  the  magnesium  anode.  Since  both  of  these  factors  are  dependent  on  the 
current  density,  the  temperature  rise  will  be  greatest  on  hle^  discharge 
rates. 

Test  cells  were  made  using  two  cuprlc-oxlde  plates  with  a  3:1  ratio  of 
Shawlnlgan  carbon  black  and  three  anode  plates  of  various  magnesium  alloys. 
The  cuprlc-oxlde  plates  were  taken  from  the  lot  whose  test  results  are 
shown  In  Figure  15  with  a  theoreticed.  capacity  of  60  anpere-  minutes  per 
plate.  AZ-31B,  AZ-21,  AZ-10,  and  conmerclELLly  pure  (C.P.)  magnesium 
anodes  were  used  In  these  studies.  The  cuprlc-oxlde  cathode  plates  were 
discharged  for  l6  hours  on  an  80-hour  rate  for  stabilization  prior  to 
the  assembly  of  the  test  cells.  A  sllver/sllver-chlorlde  reference 
electrode  was  Included  at  the  end  of  each  cell  for  half-cell  measurements. 

The  cells  were  placed  in  beakers  with  excess  2N  MgCClO]^)^,  Immersed  In 
constant-tenperature  water  and  discharged  throu£^  a  32-ohm  resistor, 
corresponding  to  a  50-hour  rate.  The  cell,  anode-to-reference,  and  cathode- 
to-reference  potentials  were  measiured  over  a  temperature  range  of  2*C  to 
70*C. 

The  resTilts  of  this  study  are  presented  In  Figures  13  and  l4.  It  Is  seen 
that  the  voltage  increased  linesurly  with  temperature,  except  for  the  range 
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FIGURE  15.  CAPACmr  DATA  FOR  Mg/CuO  RESERVE  CELLS  WTTH  VARIOUS  CARBON  RATIOS  UNDER  A  CONSTANT- 

OF  20.0  AMPERES  IN  2H  MsKClC^)^  ELECTROLYTE. 


between  35*C  and  50 The  half -cell  meaauraaents  show  that  the  marked 
Increase  In  cell  voltage  In  this  temperature  range  is  caused  by  the 
presence  of  the  cupric-oxide  cathode  ( Figure  1^*-) . 

A  voltage  difference  of  0.2  volt  was  found  between  the  AZ-31  and  C.P. 
magnesium  anodes.  This  difference  increased  at  higher  temperatures  be¬ 
cause  the  corrosion  reaction  for  pure  magnesium  was  greatly  accelerated. 
The  effect  of  corrosion  reaction  on  cell  discharge  voltage  cem  be  seen 
frcm  the  data  in  Figure  lU. 

3. 2 .2.1  Cathode  Grid  Studies 

A  study  was  made  in  order  to  obtain  a  ll^t-welght  grid  material  to  reduce 
the  electrode  element  weight.  An  investigation  of  various  manufacturers' 
literature  showed  that  an  expanded  copper  foil  was  the  most  practical 
material  for  minimum- weight  design  for  the  CuO  cathode. 

Three  sanples  of  e^qianded  0.005-inch  copper  foil*  were  obtained  for  evalus' 
tlon.  The  physical  characteristics  of  these  materials  are  summarized  in 
the  following  table: 


Materied 

Designation 

Original 

Sheet 

Thickness 

(inches) 

Strand 

Width 

(inches) 

Mesh  (center  to  center) 
L^-  "Short 

wise  vise 

(inches)  (inches) 

Vfelght 
per  sg]uare 
inch 
(grams) 

3  Cu5  -  Vo 

0.003 

0.005 

0.077 

O.Oi^S 

0.11 

5  Cu5  -  Vo 

0.005 

0.005 

0.077 

0.042 

0.18 

5  Cu5  -  3/0 

0.005 

0.005 

0.125 

0.058 

0.12 

Cells  were  assembled  with  CuO  cathodes  using  the  5  Cu5  -  screen  and 
were  evaluated  at  high  discharge  rates.  The  cells  had  dry-elesient  weif^ts 
of  27.3  grams,  6.8  grams  lifter  than  comparable  cells  made  with  a  25/O.OI8- 
Inch  woven-screen  grid.  Element  volume  was  .2.25  x  2.5  x  0.28  Inches. 
Capacity  data  for  a  'SO  ampere  drain  are  given  in  Figure  15 .  Twelve  and 
one-half  minutes  of  discharge  were  obtained  to  20-percent  cutoff  voltage 
with  an  average  of  0.8I  volts  for  the  cell  without  added  inhibitor.  Siese 
discharge  data  compare  favorably  with  previous  cells  using  a  woven  screen. 

*  Exmet  Cozporatlon,  Tuctahoe,  N.Y. 
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Effect  of  Mercury  Ccapounds: 


Previous  vork  In  this  laboratory,  using  mercury  compounds  as  inhibitors 
added  to  the  electrolyte  or  cathode  mix  In  magnesium  dry  cells,  resulted 
In  Improved  anode  efficiency.  Mercuric-oxide  resesrve-cell  studies  also 
shoved  higher  anode  efficiency  over  comparable  cuprlc-oxlde  cells,  this 
is  due  to  the  inhibiting  action  of  the  slightly  soluble  mercuric  oxide. 

A  study  vas  made  to  detexmlne  the  effect  of  mercury  compound  additives 
on  the  discharge  characteristics  and  anode  efficiency  of  Mg/Mg(C102^)2/Cu0 
reserve  cells.  Several  cathode  batches  vere  made  with  Hg^CrOj^  inhibitors 
added  to  a  standard  1|-:1  CuO  mix.  Reserve  cells  vere  assanbled  vlth  four 
cathode  plates  and  five  0.0l4-lnch  C.P.  magnesium  anode  plates  and  discharged 
at  constant -current  drains  of  5  to  20  amperes. 

Capacity  data  are  given  in  Pigures  15  euid  16  for  the  20-  and  10-ampex-e 
drains  for  cells  vlth  and  vithout  Inhibitor.  A  marked  increase  and 
leveling  of  the  voltage  ms  obtained  on  the  5-  and  10-ampere  drains  vlth 
addition  of  three  percent  HggCrOj^.  The  voltage  level  vas  lover,  however, 
at  the  20-ampere  drain.  Anode  efficiency  vas  increased  from  63  to  76  per¬ 
cent  at  20-afflpere  drain,  and  from  62  to  80  percent  by  the  addition  of 
H^CrO]^  Inhibitor  at  lO-aaipere  drain.  On  discharge,  mercury  is  plated  on 
the  magnesium  and  Inhibits  the  corrosion  reeu:tlon  by  retarding  the  hydrogen 
evolution  resKStlon.  Ohe  hl^er  cell  potential  is  attributed  to  the  pairtleLL 
removal  of  the  oxide  film  by  amalgamation. 

To  extend  the  vork  on  cupric  oxide,  several  10- cathode -plate  cells  vere 
assembled  for  capacity  testing,  inie  cathode  conposltlon  consisted  of  a 
4:1  mix  vlth  Sbavlnlgan  carbon  black  and  contained  tvo  percent  mercmous 
chromate  u  an  Inhibitor.  A  curve  showing  the  15-aiiQ>ere  rocm-tesperature 
discharge  in  25  MgCciOi^)^  is  presented  In  Figure  17 .  The  cell  vas 
placed  In  a  I50  ml  water  beat  sink  to  control  temperature  on  discharge. 

The  cathode  efficiency  of  these  cells  was  62.2  percent  to  a  10-percent 
voltage  cutoff  and  73.4  percent  to  a  20-percent  voltetge  cutoff.  Capacity 
to  a  20-percent  cutoff  vas  41.5  vatt-hours  per  pound  and  2.63  watt-hours 
per  cubic  Inch,  neglecting  volume  for  tezminal  helf^t. 
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Effect  of  Mix  Variations: 


Previous  test  data  on  cupric  oxide  reserve  cells  showed  a  gradual  decrease 
in  cell  voltage  toward  the  end  of  the  discharging  cycle.  This  necessitated 
the  choice  of  a  20-percent  cutoff  voltage  in  order  to  obtain  good  utiliza¬ 
tion  of  the  active  material. 

Various  mix  blending  techniques  were  also  evaluated  to  determine  their 
effect  on  voltage  level  and  cell  capacity.  Cathode  mixes  were  made  using 
reagent -grade  cupric-oxide  powder,  that  was  ball  milled  for  twenty- four 
hours  to  reduce  particle  size.  Further  blending  was  done  by  milling  the 
cupric  oxide  with  12  percent  of  the  required  carbon  for  thirty  minutes , 
and  with  the  remainder  of  the  carbon  for  two  minutes.  The  mix  was  completed 
by  hand  blending  with  CMC  solution. 

Capacity  data  for  a  four  2  x  2- inch  cathode-plate  test  cell  was  determined 
at  the  thirty  minute  rate  and  is  given  in  Figure  18.  Results  showed  that 
no  significant  leveling  of  voltage  was  obtained.  This  mix  procedure 
permitted  the  use  of  a  higher  mix  ratio  with  increased  cathode  efficiency. 
Eifiiity-four  percent  cathode  efficiency  was  obtained  for  a  20-percent  cutoff, 
canpared  to  73  percent  for  the  4:1  mix. 

Overheating  occurred  during  the  latter  part  of  discharge  and  cell  voltage 
reached  a  maximum  of  1.04  volts. 

3.2.3  Magnesium-Mercuric  Oxide  Reserve  Cells 

Prior  work  in  this  laboratory  demonstrated  that  HgO  reserve-cell  cathode 
plates  could  be  made  using  techniques  developed  with  the  CuO  cathode. 
Discharge  data  showed  that  the  HgO  cathode  in  a  MgCciOj^)^  electrolyte 
operated  at  good  cathode  efficiencies  and  had  a  flat  voltage  discharge 

characteristic  on  rates  above  one  hour.  Cell  construction  and  initial 
characterization  are  presented  in  the  following  sections. 

Cell  Design 

HgO  cathode  plates  were  constructed  using  techniques  similar  to  those 
used  for  the  CuO  system.  Two-by-two- inch  silver-plated  25/O. 010- inch 


3-9 


0.40 


IJA 

VO 

CU 


(O 

ro 


CVJ 

ro 


GO 

CSJ 


^  (O 
CM  UJ 
I- 
3 
Z 

CM 

UJ 

s 


u>  iij 

-  O 

cr 

< 

X 

o 
CM  52 
~  o 


GO 


o 


VO 


130 


CO 

♦H 

M 

I 


woven  copper  and  silver-plated  5  Cu^  expanded-copper  screens  were  used 
as  grids-  The  wet-mix  composition  data  are  included  in  Table  V.  Cells 
were  assembled  using  four  cathode  planes  and  five  2  x  2-inch^  0.01)4-inch 
thick  C.P.  magnesium  anode  plates.  The  theoretical  cell  capacity  varied 
from  122.4  ampere-minutes  for  the  4;1  HgO-to-carbon  mix  to  l6o  ampere- 
minutes  for  the  6:1  mix.  The  di'y  element  wei^t  of  cells  with  5  Cu5  Ag 
plated  grids  and  0.0l4-inch  magnesium  anodes  averaged  28.2  grams,  and 
the  dimensions  were  2.25  x  2-5  x  0- 28-inches.  Cells  have  been  studied 
using  thinner  cathode  grid  material  and  thinner  magnesium  sheet  to  reduce 
element  weight.  Cells  made  with  a  .003-inch  silver-plated  copper  grid 
gave  two  minutes  less  capacity  at  the  thirty- minute  rate  than  cells 
using  the  .005-inch  grids.  Activated  cell  weight  was  reduced  from  ninety 
to  eighty- five  grams. 

Although  further  weight  reduction  can  be  obtained  by  using  thinner  magnesium 
sheet,  choice  of  proper  thickness  is  determined  by  the  performance  of  the 
anode.  In  cells  where  magnesium  is  the  limiting  electrode,  excess  over¬ 
heating  occurs  toward  the  end  of  the  discharge  cycle,  preventing  operation 
of  the  cell  within  a  10-percent  voltage  tolerance.  In  addition,  an 
increased  corrosion  rate  is  obtained  with  the  use  of  very  thin  magnesium, 
resulting  in  an  Increase  inoell  operation  voltage.  Capacity  data  at  the 
thirty-minute  rate  for  cells  made  with  003-inch  grids  and  with  005-inch 
magnesium  are  given  in  Figure  19-  All  cells  were  discharged  In  2^1  *1g(C10j^)2 
using  a  heat  sink  of  150  ml  water. 

3. 2.3.1  Cell  Characterization 

Studies  were  nade  to  investigate  high-rate  performance  of  the  mercuric- 
oxide  system.  Test  cells  of  thln-plate  construction  to  increase  surface 
area  of  the  electrodes  were  assembled.  A  comparison  of  the  claracterlstics 
of  a  cell  of  this  construction  discharged  at  20  amperes  constant  current 
with  a  cell  having  thicker  plates  is  presented  in  Figure  20.  Cell  data 
are  as  follows: 
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MIX  RATIO 

HgO-TO- 
SHAWINIGAN 
CARBON  BLACK 
(Acetylene) 

WET- MIX  COMPOSITION 

(percent) 

AMOUNT 

OF 

MIX 

PER  PLATE 
(grams) 

THEORETICAL 
CAPACITY/PLATE 
( Anpere-AfiLnutes ) 

HgO 

CARBON 

CMC 

H2O 

4:1 

41.3 

10.3 

0.72 

47.6 

5.0 

30.6 

6:1 

51.8 

8.6 

0.59 

39.0 

4.9 

37,6 

8:1 

54.0 

6.7 

0.59 

38.8 

5.0 

40.0 

MT-50 


TABLE  V.  MERCURIC-OKIKE  CATHODE^lilIX-^JOMPOSITION  DATA 
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iE  19.  Mg/Mg(C10i^)2/HeP^8:l  MDC  PUIS  10^  Ag^O)  RESERVE  CELLS  STTH  .003-INCH  CATHODE  GRIDS 

AND  VARIOUS  MACSTESIIW  IHICKNSSS  DISCHARGED  AT  10.0  AMPERES. 


Oathode 

Cell  A* 

Cell  B** 

Iheoreticed.  capacity 

179  aa®-niln  HgO 

179  amp-mln 

Anode, Magnesium  C.P. 

11  plates,  .005* 

6  plates,  .005^^ 

Total  actlvg  siirface  eurea 
(cm  ) 

362 

181 

Element  volume  (in^) 

0.975 

0.822 

Element  weight,  dry  (g) 

34.5 

29.5 

Element  weight,  wet  (g) 

51.6 

46.6 

Average  voltage  to 

20^  voltage  drop  (v) 

1.68 

1.46 

Cell  capacity  to  2056 
voltage  drop  (amp-mln) 

157 

90 

Watt  hours 

4.4 

2,2 

Cathode  Efficiency  (^) 

88 

50 

*  Cell  A.:  10  plate,  10:1  HgO 
to  Shavlnlgan  plus 
0  two  g  mix  per 
3"  grid 


**  CellB;  5  plates,  10:1 
HgO  to  Shavlnlgan  plus 
5%  AgpO  four  g  aix 
per  .005"  grid 


The  elements  were  placed  In  a  plastic  case  with  plastic  spacers,  activated 
with  211  Mg(C10j^)2  for  two  minutes,  and  discharged  In  a  beaker  with  l4o  ml 
water  as  a  heat  sink.  Figure  20-  shows  that  a  cell  made  of  thin  plates  of 
Increased  surface  area  gives  Inp  roved  performance.  The  current  density 
of  cell  B  Is  110  ma/cm  ,  idilch  Is  twice  that  of  cell  A. 

The  discharge  characteristics  of  Mg/Ng( ClOj^) ^/HgO  cells  of  various  cathode 
mix  ratios  were  determined  at  constant  current  drains  of  5  to  15  amperes 
and  cure  presented  In  Table  VI  and  Figures  19  and  20. 


All  cells  were  placed  In  a  plastic  test  container  to  restrict  volume  and 
discharged  In  excess  of  2N  MgCciOj^)^  three  minutes  after  activation.  Figure 
19  represents  a  6:1  HgO-to-carbon  cell  with  a  25/0. 010-inch  sllver-plated- 
copper  grid,  having  a  dry  element  weight  of  33*3  grams.  !lhe  cathode  ef¬ 
ficiency  varied  from  7^  percent  for  the  cathodes  with  a  6:1  ratio  to  90 
percent  for  the  cathodes  with  a  4:1  ratio.  The  maxi  man  dlschcurge  time  was 
obtained  with  the  highest  HgO  content.  Further  studies  were  niade  to 
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TABLE  VI.  HICK-RATE-CAPACITY  DATA  FOR  MgA«g(C3jO,  )5/HgO  CELLS  OF  VARIOUS  CATHODE  COMPOSITIONS 


detennlne  performance  of  the  silver-plated  5  Cii5  expanded- copper  and 
25/0. 010-inch  woven-copper  grid  against  an  expanded  pure  silver  5  Ag  10 
grid  for  optimum  design  and  mix  composition. 


3. 2. 3 .2  Cathode  Grid  Studies 

The  grids  for  the  cathode  plates  in  previous  studies  consisted  of  silver- 
plated  copper  screens  used  to  prevent  reaction  of  the  grid  vith  the 
mercuric -oxide  cathode  material.  A  study  vas  made  to  determine  an  optimum 
grid  structure  before  extending  cell  develc^ent.  A  comparison  of  cells 
vlth  various  grids  discharged  at  10  amperes  Is  given  in  Table  VII.  The 
results  shov  that  the  silver-plated,  expanded-copper  grid  gave  the  optimum 
performance  and  the  lightest  cell  weight.  The  poorer  performance  of  the 
pure  silver  grid  Is  believed  due  to  a  weaker  plate  structure.  The 
5  Cu  5-Vo  silver-plated  grid  was  used  in  all  further  testing. 

Mercuric -oxide  cathode  plates  require  either  a  pure  sliver  or  a  silver- 
plated  copper  grid  to  provide  good  i>erformance.  These  girids,  however, 
may  be  limited  In  various  applications  because  silver-plated  grids  break 
down  on  activated  stand  tests.  Pure-silver  grids  eilso  cem  break  dc'  -  on 
long  discharge  rates  (24  hours  and  over)  due  to  amalgamation  with  the 
mercury  from  the  cathode  reduction.  The  use  of  an  expanded-tltanlum  grid 
vas  studied  for  use  with  merctirlc-oxide  cathodes.  Four  cells  were  constructed 
using  2-lncb-sq]uare  cathode  plates  made  with  lOniO-l/O  eJQmnded-titanlum 
grids.  Theoretical  cathode  capacity  vas  277  aaqpere-minutes.  Two  cells 
made  vlth  pure-magnesium  anode  plates  were  discharged  at  four-hour  and 
el^t-hour  rates  to  a  20-percent  voltage-drop  end  point  at  an  ainblent 
tesiperature  of  70*F. 

The  results  of  the  tests  shoved  that  these  cells  had  a  capacity  equivalent 
to  cells  with  a  silver-plated  copper  grid.  The  Initial  cell  voltage  vas 
0.20  volt  lower  than  conqmrable  silver-grid  cells;  the  voltage  then  in- 
creMed  to  the  silver-grid  cell  value  after  23  percent  of  the  discharge. 
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nils  effect  Is  probably  associated  with  a  surface  film  on  the  titanium 
grid.  Two  cells  were  also  made  with  AZ-31  magnesium  anode  plates  and 
discharged  at  the  24-hour  rate,  both  Immediately  after  activation  with 
3N  magnesium-perchlorate  electrolyte  and  after  a  week  of  activated  stand. 

The  data  axe  plotted  In  Figure  21  and  show  a  9'Pei'ce°t  drop  In  capacity 
after  the  one-week  stand.  Anode  efficiency  measured  64  percent  for  the 
cell  discharged  Immediately,  and  59  percent  for  the  cell  discharged  after 
a  one-week  stand.  It  can  be  concluded  fran  these  tests  that  tltauilum 
grids  can  be  used  In  low-rate  mercuric -oxide  cells  where  silver  grids  are 
limited. 

3. 2. 3 .3  Cathode  Mix  Studies 

The  cathode  efficiencies  of  mercurlc-oxlde  cells  tested  during  Initial 
characterization  were  found  to  vary  from  74  to  90  percent  for  active 
material  ratios  from  4:1  to  8:1.  Examination  of  cathode  plates  Indicated 
that  poor  blending  was  obtained  with  hand  mixing  techniques  due  to  Eigglomera- 
tlon  of  mercurlc-oxlde  particles.  Ratio  and  mix  blending  studies  were 
continued  In  an  attesqrt  to  lsq>rove  cathode  efficiency  at  the  higher  mix 
ratios. 

Evaluation  of  various  mix  blending  techniques  showed  that  mixes  made  by 
mechanically  pre-blendlng  the  yellow  mercuric  oxide  and  CMC  binder  solution 
prior  to  addition  of  carbon  were  the  best.  No  discernible  peurtlcles  of 
mercxirlc  oxide  could  be  found  under  60  X  magnification  with  this  type 
blending.  The  procedure  developed  Is  as  follows: 

a.  Blend  the  yellow  mercuric  oxide  with  the  CMC  solution  for  five 
minutes  In  an  Osterlzer  blender. 

b.  Add  approximately  50  percent  of  the  carbon;  follow  with  further 
blending  In  the  blender. 

c.  Finally, add  remaining  carbon  and  blend  by  hand. 

The' mix  composition  and  capacity  data  for  lots  with  various  mercuric-oxide- 
to-c«ubon  ratios  made  with  the  preceedlng  mixing  procedure  su«  sumnarized 
in  Table  VIII.  The  cells  consisted  of  four  cathode  plates  and  five  .014- inch 
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pure-magnesium  suiode  plates  with  an  average  wet-element  weight  of  4o.O 
gprams  and  volume  of  2.25  x  2.5  x  0.25  Inches. 

Cathode  efficiencies  over  80  percent  were  obtained  with  active  material- 
to-Shawinigan  carbon  black  ratios  up  to  10:1  at  the  10.0-ampere  constant 
current  drain.  Increasing  the  ratio  to  l4:l  resulted  in  a  marked  decrease 
in  cathode  efficiency  and  operating  voltage  level.  Discharge  curves  for 
the  various  mix  ratios  are  presented  in  Figure  22. 

3.2.3.^  Mix  Additive  Studies 

During  the  first  one -half  minute  of  discliarge,  a  low  disctiarge  voltage  is 
noted  for  mercuric  oxide  cells.  This  might  be  Improved  by  one  of  the  fol¬ 
lowing  methods: 

a.  Add  a  second  cathode  material  to  the  cathode  which  operates  at 
near  the  potential  of  mercuric  oxide  and  does  not  polarize.  This 
material  does  not  need  a  high  ampere-minute  capacity. 

b.  Partially  discharge  the  plate  to  reach  the  flat  portion  of  the 
discharge  curve. 

Procedure  (a)  is  the  more  desirable  method. 

In  view  of  the  above,  the  addition  of  various  cathode  mix  additives  and 
their  effect  on  this  initial  voltage  drop  were  considered.  Additives 
used  for  this  pui^se  consist  of  the  cathode  materials  with  operating 
voltages  equal,  to,  or  higher  than,  mercuric  oxide  and  having  a  low  polari¬ 
zation  at  high  discharge  rates  in  the  2N  MgCclOj^)^  electrolyte. 

Ihe  various  slightly  soluble  silver  compounds  are  the  most  obvious  materials 
for  use  with  the  mercuric-oxide  system.  Figure  23  illustrates  the  effect 
of  silver  (ll)  oxide  on  the  initial  voltage  of  an  8:1  mercuric -oxide  mix 
under  a  lO-ampere  drain.  It  is  seen  that  the  addition  of  5 -Percent  silver  (ll) 
oxide  is  sufficient  to  raise  the  voltage  to  within  10  percent  of  the 
maximum  operating  voltage.  Additions  in  excess  of  5  percent  resiilt  in 
extended  leveling  of  the  voltage  within  the  Initial  three  minutes  of  dis¬ 
charge.  Discharge  curves  at  10  amperes  and  5  amperes  are  given  in  Figures 
24  and  25. 


FIGURE  23.  EFFECT  OP  AgO  IN  THE  HgO  CATHOUE  OK  INITIAL  DISCHARGE  VOLTAGE  AT  10.0  AMPERES, 
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Addition  of  a  5 -percent  sliver  (l)  oxide  ccmpound  to  the  cathode  nix 
Increased  the  Initial  voltage  to  pemlt  operation  cf  the  cell  within  a 
10 -percent  voltage  tolerance.  The  curve  depicting  the  voltage  level  of 
this  cell  was  flatter  than  that  obtained  with  the  silver  (ll)  oxide 
additive.  ^Is  In^rovement  ..probably  resulted  from  the  lower  activity  of 
the  silver  (l)  oxide  conpared  to  silver  (ll)  oxide.  Figures  26  and  27 
Illustrate  the  effect  on  the  Initial  part  of  the  lO.O-aaqpere  discharge 
curve  of  an  8:1  ratio  (mercuric  (nclde-to-Shawlnlgan  carbon  black)  cell 
with  a  3 -percent  silver  (l)  oxide  additive. 

A  five  ampere-hour  capacity  cell  was  selected  for  ease  of  testing  and 
cooqparlson  with  other  battery  systems.  A  cathode  mix  of  8:1  ratio  of 
mercuric  oxide  to  Shawlnlgan  carbon  black  with  5 -Percent  silver  (I)  oxide 
was  used  In  all  cells  tested.  Cl^lcal.  wet  mix  cooqposltlon  was  as  follows: 

192  g.  mercuric  oxide  (yellow  reagent) 

24  g.  Shawlnlgan  carbon  black 
10.8  g.  silver  (l)  oxide 

123  ml  CMC  solution,  l.% 

Cathode  plates  were  processed  using  silver-plated  3  Cu  3-4/0  expanded- 
copper  screen  grids  I.3  x  1.873  Inches  and  4  grams  of  wet  mix  per  plate. 
Theoretical  cathode  capeuslty  Is  32.2  ampere-minutes  per  plate.  A  plastic 
case  1.73  X  2.63  X  0.68  Inches  was  used  as  the  test  cell.  The  cell  element 
consisted  of  ten  cathode  plates  and  eleven  I.3  x  1.873  x  .014  Inch  C.P. 
magnesium  anode  plates.  A  No.  10  copper  wire  lead  weighing  3*^  grams 
was  attached  to  each  electrode  for  connection.  The  activated  cell  weight, 
Inclxidlng  case  and  lectds,  averaged  90  grams. 

A  typical  lO-ampere  discharge  curve  for  a  cell  activated  with  2N  Mg(C10]^)2 
for  three  minutes  at  room  togwrature  Is  presented  In  Figure  26.  Capacity 
calculated  at  a  10-percent  voltage  drop  was  42.9  watt-hours  per  pound 
and  2.7  watt-hours  per  cubic  Inch,  neglecting  volume  for  terminal  height. 
Cathode  efficiency  was  91.5  percent.  This  data  Is  representative  of  the 
state  of  the  8urt  of  the  present  cell.  Further  studies  directed  toward 
reducing  element  weight  shovild  enable  a  figure  of  30  watt-hours  per  pound 
to  be  reached  for  the  l/2-hour  rate. 
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EFFECT  OF  VARIOUS  ADDITIVES  ON  INITIAL  VOLTAGE  CHARACTERISTICS  OP  Mg/Mg( CIO,  ) 
RESERVE  CELLS  AT  10.0  AMPERES. 


Because  of  the  heat  evolved  by  magnesium  cells  during  discharge,  an 
efficient  heat  sink  must  be  included  in  the  cell  design.  For  a  10-ampere 
room-temperature  discharge,  a  150-ml  vater  heat  sink  is  sufficient  to 
control  the  temperature  for  a  10-percent  voltage  tolerance.  The  heat 
dissipation  problem  Increases  with  increasing  discharge  rate  and  the  number 
of  cells.  One  test  cell,  discharged  at  30  amperes  without  a  heat  sink, 
overheated  excessively  and  resulted  in  eui  unstable  voltage  level  and  eeurly 
cell  failure.  Further  application  studies  must  include  a  heat  sink  as  an 
Integral  part  of  the  battery  design  if  optimum  perfoimance  from  magnesium 
cells  at  high  discharge  rates  is  to  be  obtained. 

Cathode  mixes  were  made  with  five  percent  of  silver  iodate  and  five  per¬ 
cent  of  silver  phosphate  added  to  the  mix  to  test  the  effect  of  silver 
solubility  on  cell  performance.  Room-temperature  discharge  at  10  amperes 
for  four  1.5  X  l.d75-inch  cathode  plate  cells  showed  that  these  compounds 
had  little  effect  on  Improving  initial  cell  voltage.  Cell  capacity  for 
these  cells  was  reduced  to  43  percent  of  the  theoreticeJ.  value  for  the 
silver-phosphate  mix  and  15  percent  with  the  silver-iodate  mix.  The 
data  show  that  there  is  no  advantage  to  using  silver  compoimds  of  greater 
or  lesser  solubility  than  silver  (l)  oxide  (such  as  silver  iodate  and 
silver  phosphate) . 

Additional  mixes  made  with  silver  (l)  oxide  showed  the  Importance  of  dry- 
mix  blending  on  cell  voltage.  A  thorough  blending  of  mercuric  oxide, 
silver  (l)  oxide,  and  carbon  is  necessEoy  to  obtain  a  flat  voltage  level 
for  the  first  three  minutes  of  discharge.  The  procedure  used  for  producing 
the  cell  described  above  consists  of  beJJL  milling  the  mercuric  oxide, 
silver  (l)  oxide,  and  10  percent  of  the  carbon  for  one  hour.  The  mixing 
is  then  conpleted  in  the  mechanical  blender  as  described  in  section  on 
cathode  mix  studies. 

One  cathode  mix  was  made  with  a  silver  phosphate  additive  which  was 
prepared  in  the  laboratory.  Test  results  for  this  cell  showed  little 
effect  on  initial  cell  voltage. 

The  addition  of  silver  oxide  to  the  mercuric -oxide  cathode  mix  yielded 
Improved  initieil  voltage  levels  at  room- temperature  discharge.  At  low 
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temperatures,  however,  a  marked  drop  i-n  initial  cell  voltage  was  noted 
as  shown  in  Figure  29*  This  drop  is  due  partly  to  the  failure  of  the 
silver  oxide  to  function  at  low  temperature.  Other  additives  or  an 
alternate  approach  must  be  used  to  improve  low  teaperature  characteristics. 

During  the  initial  thirty  seconds  of  the  discharge  period  of  a  mercuric 
oxide  cathode,  formation  of  micro  particles  of  metalic  mercury  forms  throuc^- 
out  the  plate;  this  results  in  a  drop  in  plate  resistance  and  an  increase 
in  cell  voltage.  One  mix  was  made  with  a  fifteen  percent  metalic  mercviry 
addition  to  simulate  the  state  of  the  plate  after  15  percent  discharge. 
Discharge  results  presented  in  Figure  26  show  scxne  effect  due  to  this 
addition.  Examination  of  this  mix  at  60  x  magnification  showed  a  wide 
range  in  mercury  particle  sizes.  Special  blending  techniques  would  be 
required  to  give  the  micro  dispersion  of  mercury,  mercuric  oxide,  and 
carbon  necessary  to  raise  the  voltage  level. 

An  alternative  to  special  blending  would  be  to  partially  discharge  the 
cathode  during  processing.  Dispersion  can  be  accomplished  electrochemically 
or  by  partial  reduction  of  the  mercuric  oxide  through  chemical  means  during 
cathode  plate  processing. 

The  partial  reduction  of  mercuric  oxide  was  studied  in  an  attempt  to  determine 
the  effect  of  the  resultant  micro  dispersion  of  mercury  on  cell  voltage 
cliaracterlstlcs . 

Cathode  plates  of  10:1  ratios  were  processed  and  treated  with  formaldehyde 
solutions  of  different  strengths.  Discharging  of  single  plate  cells  showed 
that  the  reduction  with  weak  solutions  had  no  effect  on  voltage  or  capacity. 
Tlie  cells  treated  with  strong  solutions  showed  excess  reduction  of  the 
mercuric  oxide  and  did  not  function. 

Control  cells  made  with  untreated  10:1  cathode  plates  had  an  initial  five- 
second  voltages  of  1.57.  Tliis  Improvanent  in  initial  voltage  over  pre¬ 
viously  reported  results  resulted  from  an  Improved  dry  mix  procedure. 

The  procedure  consisted  of  ball  milling  the  mercuric  oxide  with  5®  per¬ 
cent  of  the  required  carbon  for  one  hour,  followed  by  milling  with  the 
remaining  carbon  for  several  minutes. 
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Partial  Reduction  In  the  Cathode  Mix 


One  cathode  mix  was  made  with  a  CMC  solution  containing  two  percent  foimal- 
dehyde  to  test  the  effect  of  partial  reduction  In  the  mix.  This  solution 
was  sufficient  to  reduce  the  one  10:1  mercuric -oxide  mix  by  15  percent. 
However,  no  Improvement  In  cell  performance  was  obtained  with  this  mix 
at  the  thirty-minute  discharge  rate  compared  to  an  untreated  mix.  Low- 
temperature  discharge  (-40*F)  showed  no  improvanent  In  Initial  cell  volt¬ 
age  and  showed  reduced  operating  voltage. 

^rtlal  Reduction  by_Lto^ted_CeU  Discharge 

Mercuric -oxide  reduction,  by  limited  discharge  at  low  rates,  resulted  in 
a  slight  Improvement  in  Initial  voltage  at  -4o*P.  The  test  cell  was 
discharged  at  two  amperes  for  ten  minutes  at  room  temperature  and  then 
placed  at  -ltO*P  until  the  temperature  stabilized.  TBie  cell  was  then 
discharged  at  ten  amperes.  Test  results  are  shown  In  Figure  30.  Magnesium 
perchlorate  (5K)  was  used  as  the  low-temperature  electrolyte  for  these 
cells. 

Manganese  dioxide  Is  another  materlsd  ^Ich  has  a  high  operating  voltage. 
Consequently,  several  mercuric -oxide  cathode  batches  were  made,  with 
synthetic  MnOg  added  to  the  mix.  Additions  of  up  to  10  percent  type-M 
or  type-L  manganese  dioxide  had  no  effect  on  the  Initial  voltage  at  the 
lO-anipere  drain. 


A  6:1  ratio  HgO  cell  with  10  percent  type-M  MnOg  gave  the  equivalent 
capacity  of  a  8:1  ratio  mercuric-oxide  mix.  The  cathode  efficiency  for 
a  20  percent  cutoff  voltsige  was  87.3  percent,  based  on  the  combined  H^- 
and  -MnOg  theoretical  capacity. 

Analysis  of  Heat  ETOlutlon_in  Magnesim  Reserve  Cep.s 

Data  show  that  heat  evolved  from  magnesium  reserve  cells  during  high- 
rate  discharge  la  a  major  problem  affecting  efficient  cell  perfoimance. 
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FIGURE  30 i  EFFECT  OF  PARTIAL  REDUCTIOT  OF  MERCURIC  OXIDE  ON  VOLTAGE  CHARACTERISTICS  OF 

Mg/HgO  RESERVE  CELLS  AT  10.0  AMPERES  AT  -J^O'C. 


In  a  magnesium  cell,  two  reactions  occur  at  the  anode: 

The  electrical-energy-producing  reaction 

-|.  I 

Mg - -Mg  2e- 

The  corrosion  side  reaction 

Mg  ♦  aHgO— Mg  (OH)^  +  Hg  -  (2) 

Both  of  these  reactions  produce  heat.  Reaction  No.  1  gives  off  heat  be¬ 
cause  of  the  irreversibility  of  the  magnesium  anode  in  aqueous  electrolytes. 
Reaction  No.  2  is  exothermic.  The  heat  given  off  by  these  reactions  may 
be  calculated  with  sufficient  accuracy  for  present  purposes. 

The  heat  produced  by  reaction  No.  1  may  be  calculated  for  any  magnesium 
cell  from  the  following  equation: 

W  :  A*V*T  (3) 

Where  W  is  watt-hours,  A  is  current  drain  in  amperes,  V  is  the  voltnge 
difference  between  the  reversible  potential  of  the  magnesium  anode 
and  the  operating  potential  of  the  magnesium  anode,  and  T  is  the  time 
in  hours.  V  is  approximately  1.1  because,  under  most  conditions,  the 
magnesium  anode  operates  at  1.2  to  1.3  volts  vs.  S.H.E. ,  whereas  the 
reversible  potential  is  2.3**^  to  2.40  volts  vs.  S.H.S.  Heat  in  calories 
is  obtained  by  multiplying  watt  hours  by  860. 

The  heat  due  to  the  corrosion  side-reaction  is  calculated  by  first 
determining  the  ampere-minutes  of  magnesium  utilized  in  the  corrosion 
reaction.  This  is  given  by  the  following  equation: 

A.M.  =  A  •  T  .  E 

Where  A  is  current  drain,  T  is  time  emd  E  is  an  efficiency  factor 
determined  by  the  ratio  of  percent  of  anode  corrosion  to  percent  of 
anode  efficiency.  Hie  heat  produced  in  calories  is  determined  by 
relating  ampere  minutes  to  moles  of  magnesium  multiplied  by 
a.H  for  the  corrosion  reaction  which  is  82.6  Kcal/mole. 

The  total  heat  evolved  from  a  magnesium  cell  per  hour  is  due  to  the  two 


3-19 


heat-producing  reactions,  and  is  a  function  of  current  drain.  Heat  evolved 
under  different  current-drain  conditions  is  shown  in  Figures  3I  and  32. 

The  100-percent  line  represents  heat  evolved  only  by  the  irreversibility 
of  the  magnesium.  The  heat  evolved  from  the  corrosion  reaction  is  presented 
in  Figures  33  and  3^« 

The  significance  of  the  thermal  data  can  be  realized  from  the  analysis  of 
a  mercuric -oxide  reserve  cell  at  a  constant- current  discharge  of  10  amperes. 
Figure  31  shows  that  13.5  Kcal  are  evolved  per  hour  at  10  amperes  at  80 
percent  anode  efficiency.  For  the  5-ampere-hour  mercuric-oxide  cell, 

6.75  Kcal  are  evolved  in  the  half-hour  discharge.  This  quantity  of  heat 
is  sufficient  to  vaporize  up  to  11. 5  grams  of  water. 

Capacity  data  for  a  magnesium  (AZ-21  alloy)  mercuric-oxide  reserve  cell 
discharged  at  a  constant  current  of  10-amperes  in  2N  MgCciOj^)^  is  presented 
in  Figure  35*  A  heat  sink  of  I50  ml  of  water  was  used.  The  cell  was 
discharged  for  a  total  time  of  36.25  minutes.  The  magnesium  anode  efficiency 
was  80.7  percent,  as  determined  by  measurement  of  weight  loss.  The  total 
heat  evolved  during  the  discharge  time  was  calculated  from  the  data  of 
Figure  31  at  80-percent  efficiency  and  is  8.15  Kcal. 

Measurement  of  the  temperature  rise  in  the  ^^ater  heat  sink  and  electrolyte 
showed  a  heat  output  of  4,15  Kcal.  The  difference  in  the  measured  heat 
and  that  calculated  from  the  data  in  Figure  31  may  te  accounted  by 
these  factors: 

a.  Reduced  anode  polarization  at  high  temperatures. 

b.  Inhibition  of  the  anode  by  mercuric  ion. 

c.  Heat  absorbed  by  the  cell. 

d.  Heat  loss  to  boiling  in  center  of  cell. 

Hie  above  analysis  shows  that  an  efficient  heat  sink  is  a  necessary  require¬ 
ment  in  the  design  of  high- rate  magnesium  cells.  Without  this  heat  sink, 
close  voltage  tolerances  cannot  be  attained  and  cell  capacity  will  be 
limited  because  of  water  loss.  It  should  be  noted  that  the  resultant  heat 
evolved  is  independent  of  cell  size;  most  cathode  materials  used  with 
magnesium  operate  close  to  their  reversible  potential,  and  their  contribution 
to  the  total  heat  evolved  is  omitted  in  this  analysis. 
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FIGURE  31.  CALORIES  EFOIVED  FROM  MACaJESIUM  ELECTRODE  PER  HOUR  AT 
VARIOUS  Mg  EFFICIENCIES  AT  HIGH  DISCHARGE  RATES. 
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FIGURE  32.  CALORIES  EVOLVED  FROM  A  MAGNESIUM  ELECTRODE  PER  HOUR  AT 
VARIOUS  ANODE  EFFICIENCIES  AT  LOW  DISCHARGE  RATES. 
TYPICAL  ANODE  EFFICIENCY  OF  A  DRY  CELL  OF  THE  TYPE 
EROPOSED  HERE  IS  BETWEEN  60  AND  70  PERCENT. 


FIODRE  33.  CALORIES  B70IVED  FROM  MAfflOSIUM  CORROSION  REACTKM  AS  A  FUNCTION  OF 

EIZCTRODE  EFFICIENCY  AT  HIGH  DISCHARGE  RATES. 
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mse  data  given  In  Figures  31  to  3^  cao  extended  for  use  In  magneslimi 
battery  design  at  emy  discharge  rate.  Previous  studies  of  6- volt  mag¬ 
nesium  batteries  at  a  12-bour  rate  showed  excessive  heat  build-up  eifter 
three  hours  discharge  at  room  teoqperatuire.  These  studies  Indicate  that 
heat  evolved  from  magnesium  dry-cell  pack  batteries  ceui  present  a  problem 
in  confined  systems.  The  data  are  extremely  useful  In  low-tentperature 
battery  design  ^ere  conservation  of  heat  Is  important. 

3. 2. 3. 5  Voltage  Control  by  Heat  Sink  Techniques 

Previous  experiments  which  vised  water  as  a  heat  sink  showed  that  cells 
could  be  operated  at  the  half-hour  zate  at  10  amperes  within  a  voltage 
tolerance  of  ±3  percent.  Battery  design  necessitates  the  use  of  beat-sink 
methods  other  than  water.  Studies  employing  metal-jacket  techniques  were 
carried  out;  the  results  are  summarized  In  the  following  sections. 

Heat_Eds8i2ation 

A  three-cell  five-ampere  mercuric-oxide  reserve  battery  using  single-cell 
plastic  cases  wrapped  with  copper  foil  was  constructed.  The  three  cells 
were  wrapped  as  a  unit  and  placed  in  contact  with  0.12?- Inch- thick 
aluminum  plate. 

Discharge  of  the  battery  at  a  10-ang)eres  constant- current  drain  showed 
that  this  method  of  heat  sinking  was  inadequate  for  hlgb-rate  discharge. 
Battery  voltage  could  not  be  maintained  at  a  close  tolerance  level,  euid 
additional  water  had  to  be  added  to  the  cells  throughout  the  discharge 
to  prevent  cells  fran  drying  out.  The  discharge  data  are  presented  in 
Figure  36.  Although  this  method  of  heat  control  was  unsatisfactory  at 
high  discharge  rates,  it  is  sufficient  for  lifter  drains. 

Effect_of  Muminvmi_Cell  Ca8e_with  Mr-Sj»ce  £n_Heat  Dissipation 

A  study  was  made  of  the  use  of  an  aluminum  cell  case  In  place  of  the 
rigid  plastic  case  employed  in  previous  tests.  Cells  were  constructed  of 
three  cathode  plates, measuring  3  x  3-1/8  ,  and  four  C.P.  magnesium  8Uiodes.< 
These  cells  had  a  theoretical  cathode  capacity  of  300  ampere-minutes. 


3-21 


ITie  cell  elements  were  placed  in  thin  polyethylene  bags  and  installeti  .  >  ■ 
an  l/l6-inch-thick  suixaninum  case  with  a  3/8- inch  air  space  between  cell;. 

The  cells  were  activated  with  I9  ml  of  2N  magnesium  perchlorate,  and 
discharged  at  10  amperes  in  contact  with  an  aluminum  base  plate. 

Discharge  data  showed  poor  voltage  regulation  because  of  excessive  heat 
build-up  within  the  cells.  Figure  37  shows  the  discharge  characteristics 
of  two  3-cell  constructions.  The  upper  curve  is  for  the  3  cell  battery 
described  above.  The  lower  curve  is  based  on  data  from  a  single  cell 
having  a  water  heat  sink.  Average  voltage  for  the  3-cell  battery  was 
5.7^  volts  to  the  20-percent  voltage  drop  point.  Computed  data  for  the 
other  battery  shows  an  average  voltage  of  4.56  volts  to  the  20-percent 
voltage-drop  point. 

3. 2. 3. 6  Low-Discharge-Rate  Cell  Studies 

Capacity  data  were  determined  for  magnesium^ercuric -oxide  reserve  cells 
in  a  5N  .magnesium  perchlorate  solution  over  a  discharge  range  of  two  to 
eight  hours.  Cells  for  this  study  were  constructed  with  five  2  x  2- inch 
mercuric-oxide  cathode  plates  made  with  a  10:1  ratio  of  mercuric  oxide 
to-Shawinlgan  carbon  black,  and  having  a  theoreticeiL  capacity  of  277 
aoqpere-mlnutes.  Six  2  x  2  x  .010-lnch  C.P.  magnesium  plates  were  used 
as  the  anode.  Cells  were  activated  for  five  minutes  with  I9  ml  of 
electrolyte,  and  discharged  at  constant  current  drains  of  0.^,  1.0,  and 
2.0  asqperes  at  room  ten^erature  and  with  no  heat  sink. 

nie  capacity  data  are  presented  in  Figure  38.  These  data  show  that  a 
voltage  tolerance  within  five  percent  was  obtained  for  most  of  the  discharge. 
The  cathode  efficiency  was  90*2  percent  when  measured  to  a  20-percent 
voltage-drop  point,  at  a  discharge  rate  of  two  amperes.  The  efficiency  was 

94.6  peircent  for  a  discharge  rate  of  one  ampere  when  measured  to  a  20- 
percent  voltage-drop  end  point.  At  the  0.5-ampere  discharge  the  ef¬ 
ficiency  dropped  to  78  percent  because  of  excess  magnesium  corrosion. 
Meigneslum  C.P.  cannot  be  used  efficiently  at  low  current  drains  in  a  5N 
magnesium  perchlorate  electrolyte;  an  AZ-21  or  AZ-31  magnesium  alloy  must 
be  used. 
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3 • 2 . 3 . 7  Low- Temperature  Studies 
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Mercuric  oxide  cells  of  277'aiiQ>ere-inlnutes  theoretical  cathode  capacity 
vere  used  for  all  characterization  studies.  Two  types  of  cell  cases 
were  used  for  the  lov-ten^rature  studies;  a  non-lnstdAting  rigid  plastic 
case,  6tnd  a  similar  case  with  a  one-half •  inch  >thlck  polyurethane  foam 
Jeusket  added.  The  cells  were  activated  with  5N  magnesium-perchlorate 
electrolyte  at  room  tesg;>erature  and  allowed  to  stand  at  the  test  ambient 
temperature  for  a  period  of  five  minutes  prior  to  starting  the  discharge. 
This  type  of  activation  procedure  is  similar  to  that  used  in  meteorological 
applications. 

nie  characteristics  at  -4*F  we3re  obtained  for  mercuric -oxide  ceils  which 
were  enclosed  in  a  non- insulating  plexiglass  case,  nie  cells  were  activated 
with  3R  magnesium  perchlorate  electrolyte  at  -4*F  and  allowed  to  stand 
for  13  minutes  prior  to  the  start  of  discharge.  The  results  of  these  tests 
are  summarized  in  Table  IX,  which  also  Includes  data  for  cells  activated 
and  discharged  at  -4o*F.  Figure  39  shows  the  resulting  discharge  curves 
obtained  from  the  data. 

The  capacity  data  for  single  cells  discharged  at  constant-cxirrent  drains 
of  0.3  to  4.0  amperes  and  at  temperatures  as  low  as  -36*F  are  presented 
in  Table  X.  The  data  show  that  rocm-temperature  capacity  can  be  approeu:hed 
at  low  teoperatures  by  insulating  the  cell  cue  to  conserve  the  heat 
evolved  from  the  magnesium  reactions.  With  the  4.0-ampere  discharge,  a 
sufficient  internal  cell  temperature  is  maintained  to  give  room-temperature 
capacity.  The  capacity  of  the  non- insulated  cell  at  an  ambient  temperature 
of  -4o*F  drops  to  6o  percent  of  the  room  temperature  capacity  as  shown  in 
Figure  40. 


Discharge  curves  for  both  cells  at  an  ambient  temperature  of  -40*F  are 
presented  in  Figure  41.  Data  for  the  cells  at  an  ambient  tenperature  of 
-30*F  are  presented  in  Figure  42. 


Three-cell  batteries  were  constructed  of  cells  similar  to  those  described 
above  to  detexnine  the  low-tesperature  characteristics  of  a  multiple-cell 
xinlt.  The  three-cell  batteries  were  activated  with  room-tenperature  3N 


I 
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PIGORE  39.  CAPACiry  DATA  FOR  llg/Mg(  ClOl^)  2 /HgO  RESERVB  CELLS  AT  VARIOUS  DISCHARGE  DRAIHS  AT  -4*F. 


CAPACITY  TO  20-PER¬ 
CENT  VOITAGE  DROP 


DISCHARGE 

CURRENT 

AMBIENT 

TEMPERATURE 

DISCHARCS 

TIME 

AVERACX 

VOLTAGE 

CELL  CASE 

( Anperes ) 

(“F) 

(Sours) 

(lltn.) 

(Volts) 

0.5 

+70 

45 

nanlnsulated  plastic 

0.5 

-  4 

— 

ncninsulated  pleistlc 

0.5 

-40 

15 

nanlnsulated  plastic 

0.5 

-  4 

30 

1.62 

l/2-lnch  polyurethane 

0.5 

-40 

10 

1.51 

l/2-lnch  polyurethane 

0.5 

-58 

1.55 

l/2-lnch  polyurethane 

1.0 

+70 

22 

1.81 

noninusulated  plastic 

1.0 

-  4 

2 

10 

1.57 

nanlnsulated  plastic 

1.0 

-40 

2 

30 

1.09 

nanlnsulated  plastic 

1.0 

-  4 

3 

50 

1.67 

l/2-lnch  polyvirethane 

1.0 

-40 

3 

11 

1.69 

l/2-inch  polyurethane 

1.0 

-58 

3 

— 

1.64 

l/2-inch  polyurethane 

2.0 

+70 

2 

5 

1.79 

noninsulated  plastic 

2.0 

-  4 

mm 

15 

1.56 

nonlnsulated  plastic 

2.0 

-40 

■■ 

U 

1.36 

nanlnsulated  plastic 

2.0 

-  4 

2 

12 

1.67 

1/2-lnch  polyurethane 

2.0 

-40 

■■ 

49 

1.63 

l/2-inch  polyurethane 

2.0 

-58 

■I 

41 

1.66 

l/2-inoh  polyu^  lithane 

4.0 

-58 

u 

6 

1.74 

l/2-inch  polyurethane 

MP-55 


TABI£  X.  CAPACITY  DATA  FOR  MgAfe(C10^)2/Hg0  RESERVE  CELLS  AT 
VARIOUS  DISCHARGE  RATES  AND  TEMPERATURES. 


2.0 


FIGURE  *H.  CAPACirr  DATA  FOR  Mg/Mg(C10jj^)2/H850  RESERVE  CEIIS  AT  VARIOUS  DISCHARC^  RATES  AT  -40*P. 


4.0  AMPERES 


FIGURE  42.  CAPACOT  DATA  FOR  Mg/Hg(C10j^)2/H{^  RESERVE  CELLS  AT  VARIOUS  DISCHARGE  DRAINS  AT  -58“?. 


magnesium-perchlorate  electrolyte  as  in  the  previous  single-cell  tests 
and  discharged  at  a  one-ampere  rate.  Discharge  curves  for  these  bat¬ 
teries,  both  with  and  without  polyurethane  insulation,  at  an  ambient 
temperatures  of  -UO*F  and  -58*F  are  presented  in  Figures  43  and  44.  The 
data  show  that  full  room-temperature  capacity  was  obtained  with  the 
insulated  battery  at  -40*F  end  85  percent  of  room  temperature  at  -58*F. 
For  the  non- insulated  battery  a  30 -percent  capacity  was  obtained  to  a 
20-percent  voltage-drop  end  point.  The  gradual  decrease  In  voltage  Is 
caused  by  heat  loss  from  the  cells.  It  should  be  noted  that  magnesium/ 
mercurlc-oxlde  cells  have  an  operating  voltage  of  1.20  volts  at  -40*F 
where  no  heat  Is  conserved. 

Figure  43  shows  the  discharge  characteristics  of  a  six-cell  magnesium/ 
mercuric-oxide  battery  with  a  theoretical  cathode  capacity  of  44.3 
ampere-hours  \dien  it  is  discharged  at  1.3  amperes  at  -40*F,  and  is  made 
with  a  one-half -inch-thick  polyurethane  foam  Jacket.  Battery  specifica¬ 
tions  and  capacity  data  are  summarized  as  follows: 


Battery  weight  with  Insulation . T.6  pounds 

Battery  volume  with  Insulation.  . . 290  cubic  Inches 

Capacity  at  21.1*C 

Matt-hours  per  poimd . 3? 

Watt-hours  per  cubic  inch.  ...  .  3»17* 

Capacity  at  -40*C 

Whtt-hours  per  pound  .  38 

Vfcitt-hours  per  cubic  inch . 1.47* 


♦Function  of  the  design  of  the  foam  Jacket. 

Note:  The  thermal  conductivity  of  the  polyurethane  Insixlation 
is  0.13  Btu /square  foot/hour/inch.  Coniparlson  data 
given  at  68*F  were  computed  from  a  single  cell  dis¬ 
charged  under  ideal  conditions.  7%e  low  temperature 
battery  was  stored  oveml^t  at  -40  F  and  custivated 
with  -4o*F  3N  magnesium  perchlorate  electrolyte.  The 
battery  was  then  brought  to  a  hl^er  initial  operating 
temperature  by  discharging  it  for  five  minutes  at  10 
amperes  and  using  the  available  heat  energy, which  is 
evolved  by  the  irreversibility  and  corrosion  of  the 
magnesium. 
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FIGURE  45.  DISCHARGE  CHARACTERiancS  OP  A  6-CEIi  MAOIESIU^^MBRCURIC-OXIDE  BAITERY  DISCHARGED  AT 

1.5  AMPERES  AT  ZL.l'C  AMD  -40*C. 


3 -2.3 '8  Activated  Stand  Tests 

Mercuric-oxide  reserve  cells  with  a  theoretical  cathode  capacity  of  I85 
ampere-minutes  were  constructed  having  pure-silver  grids  and  AZ-3I  mag¬ 
nesium  anodes.  The  cells  were  activated  in  2N  magnesium-perchlorate 
electrolyte  containing  1  gram/liter  of  lithium  chromate,  and  were  dis¬ 
charged  at  five  amperes  after  various  stand  times.  An  activated- stand 
time  of  one  week  revealed  a  loss  of  five-percent  capeuslty  to  a  20-per¬ 
cent  voltage-drop  point.  The  average  voltage  was  0.03  volts  lower 
than  a  cell  discharged  after  two  minutes  activation.  The  data  are 
presented  in  Figure  k6.  Cells  discharged  after  an  activated-stand  time 
of  two  weeks  revealed  complete  corrosion  of  the  magnesium.  Similar  cells 
tested  with  silver-plated  copper  grids  failed  because  of  excessive  anode 
and  grid  corrosion. 

The  AZ-31  magnesium  used  in  the  above  tests  was  not  stabilized;  sur¬ 
face  treatment  may  offer  some  Improvement  in  stand  time.  The  data  show 
that  an  activation- stand  time  of  one  week  ceui  be  ejected  from  the  mag- 
neslum/magnesium-perchlorate/mercuric-oxide  reserve  system  with  its 
present  design.  The  activation  stand  time  of  C.P.  magnesliam  anodes  would 
be  much  less  than  magnesium  edloys;  C.P.  magnesium  corrodes  more  readily 
than  magnesium  alloys. 

3. 2. 3. 9  Storage  Tests 

Capacity  data  were  determined  for  magneslum/mercurlc-oxlde  reserve  cells 
with  a  theoretical  cathode  capacity  of  276  ampere-minutes.  The  cell 
consisted  of  six  AZ-31  anode  plates  and  five  8:l-ratlo  cathode  plates. 
These  cells  were  stored  at  room  temperature  in  plastic  bags  (^en  to  the 
atmosphere  for  a  period  of  19  months.  Cell-discharge  data  at  a  c(»i8tant 
current  of  3.0  amperes  are  presented  in  Figure  47.  A  cathode  efficiency 
of  86  percent  was  obtained  as  compared  to  em  efficiency  of  83  percent 
for  the  initial  fresh-cell  discharge.  These  results  show  that  there  was 
no  loss  in  capeuslty  over  the  19-month  storage  time,  and  that  this  system 
exhibited  good  reserve-cell  stability. 
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FIGORE  U6.  CAPACrnr  DATA  FOR  Mg/Mg(C10.  )^HgO  RESERVE  CELIJ5  WITH  VARIOUS  ACTIVATIOH  TIMES  DISCHARGED  AT 


FIGURE  1+7.  CHARACTERISTICS  OF  Mg/Mg( ClOj^) ^/HgO  RESERVE  CELL  DISCHARGED  AT  3.0  AMPERES  AFTER  19-MONTHS  STORAGE 


3. 2 A  Comparison  of  Meretirlc-Qxlde  and  Cuprlc-Oaclde  Reserve  Cells 


Since  the  average  operating  voltage  of  a  mercxirlc -oxide  cell  Is  approximately 
tvlce  that  of  an  equivalent  ciq>rlc-oxlde  cell,  a  comparison  of  the  discharge 
capacity  between  these  two  systems  should  be  made  on  an  eqalvalent-power- 
output  basis  or  discharge  rate.  It  should  be  noted  that  the  cuprlc-oxlde 
cell  operates  at  twice  the  current  density  of  the  mercuric -oxide  cell  with 
the  t'arae  number  and  size  of  plates. 

A  comparison  of  four-cathode-plate  and  flve-anode-plate  cells  of  equivalent 
size  Is  given  In  Table  XI. 

The  discharge  curve  for  the  cupric  oxide  cell  Is  given  In  Figure  U8.  The 
discharge  curve  for  the  mercurlc-oxlde  cell  Is  given  In  Figure  2U.  These 
data  show  that  the  mercurlc-oxlde  cell  Is  more  promising  at  high  discharge 
rates.  Further  advantages  of  the  mercuric  oxide  cell  are  shown  In  the 
polarization  curves  of  Figures  U9  and  30.  These  are  discussed  In  detail 
below. 

3. 2; 4.1  High-Bate  Polarization  Studies 

The  beneficial  effects  of  mercury  compounds  for  Increasing  magnesium-anode 
efficiency  In  cuprlc-oxlde  cells  were  shown  In  the  Second  Quarterly  Report. 
The  mercurlc-oxlde  cathode  also  acts  to  increase  magnesium  efficiency.  This 
Is  due  to  the  low  solubility  of  mercuric  oxide  In  the  electrolyte. 

Polarization  studies  at  high  current  density  (70*F)  were  carried  out  to 
determine  the  maximum  current  density  for  operation  of  the  cuprlc-oxlde 
and  mercurlc-oxlde  reserve  cells.  Test  cells  consisted  of  a  single  two- 
inch-  square,  .014- Inch- thick  C.P.  magnesium  anode  plate  and  two  ciqirle- 
oxlde  cathode  plates  In  excess  2N  magnesium-perchlorate  electrolyte.  A 
sllver/sllver-chlorlde  reference  electrode  was  Included  in  the  cell.  The 
results  are  plotted  In  Figures  49  and  30* 

The  data  shows  that  both  the  cuprlc-oxlde  and  mercurlc-oxlde  cathodes 
polarize  only  slightly,  while  the  anode  polarizes  badly,  at  the  hlc^er 
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RESERVE  CELL 


DESCRIPTION 

MAGNESIUM/ 

MERCURIC-OQCIDE 

MACWESmt/ 

curaic-onDE 

Theoretical  Cathode  Capacity, 

( anpereHDlnutes ) 

171 

340 

Discharge  Current  (aii|>ere8) 

10 

20 

Discharge  Time,  20^  Cutoff 
(minutes) 

13.6 

11.0 

Average  Voltage  (volts) 

1.645 

0,815 

Watts 

16.45 

16.3 

Cathode  Efficiency  (percent) 

79.5 

64.7 

Element  Weight,  Wet  (grams) 

a.o 

40.4 

Watt-Hours  Per  Pound  of  Element 
Weight 

a.3 

33.6 

MT-56 


TABLE  XI.  CCBIPARLSON  OF  FOUR-CATBOIE  AND  FI7E-AN0DB-PLATE  RESERVE 
CELLS  OF  EQDIVAIZNT  SIZE. 


VOLTS 


I.OOh 


O.SOh 


o.eoh 


0.40h 


^:i  MIX  RATIO 


10  7o  -  AVERAGE  VOLTAGE  ■ 
0.815 


MINUTES 


16 

ML-2e6 


FIGURE  48.  C!APACm  FOR  A  llg/Mg(C10i^)g/Cu0  RESERVE  CELL  DISCHARGED  AT  20.0 
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FIGORE  49.  EFTBCT  OP  CURRlfllT  UESSm  OS  OHE  EI^CTROl®  POCTBimALS  OF  A  Mg/Mg(C10j^)2/Cu0  RESERVE  CELL, 
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current  densities.  A  marked  difference  Is  noted  In  the  magnesium  polariza¬ 
tion  hetveen  the  two  cells.  The  curve  for  the  mercurlc-oxlde. cell  is  much 
flatter  with  Increase  In  current  density  and  the  magnesium  operates  at  a 
higher  potential.  These  results  are  probably  due  to  a  dual  effect  of  mercury  on 
the  magnesium  electrode.  The  mercury  disrupts  the  oxide  film,  pemlttlng 
the  magnesium  anode  to  operate  at  a  higher  potential;  the  mercury  also  acts 
as  an  cathodic  Inhibitor,  reducing  the  rate  at  which  hydrogen  Is  evolved 
at  the  local  cathodes  on  the  magnesium  anode. 

The  data  Illustrate  the  advantage  of  the  mercurlc-oxlde  cell  over  the 
cuprlc-oxlde  In  that  it  c^erates  at  a  lower  current  density  for  the  same 
power  output. 

Comparison  of  the  data  for  cuprlc-oxlde  and  mercurlc-oxlde  cells  shows  that 
watt-hour  capacities  are  similar  at  the  one-half -hour  discharge  rate  at  the 
present  state  of  development.  The  mercurlc-oxlde  system  has  the  advantages, 
however,  of  hl^er,  flatter  voltage  characteristics,  lower  current  density 
operation,  and  less  heat  to  dissipate  per  watt-hour-of-electrical-energy 
output.  Further  cuprlc-oxlde  mix  and  component  development  should  result 
In  capacity  improvement  to  the  50-watt-hour-per-pound  range. 

3.2.5  Magnesium-Manganese  Dioxide  Reserve  Cells 

Boom-Temperature  Studies 

Capacity  data  were  deteimlned  for  magneslum/mangeuiese-dloxlde  reserve  cells 
in  5N  magnesium-perchlorate  electrolyte  to  the  0.9-volt  cutoff  point.  Hie 
cells  were  discharged  at  constcuit-current  drains  of  2.0,  1.0,  0.5,  and  0.25 
amperes  at  room  teoQierature.  Cells  for  this  study  were  constructed  with 
four  2x2- Inch  manganese-dioxide  cathode  plates  having  a  lOtl  ratio  of  man¬ 
ganese  dioxide  to  Shawlnl^ui  carbon  black,  and  a  theoretical  capacity  of 
205  ampere-minutes. 

Five  2  X  2  X  .OlD-inch  C.P.  magnesium  plates  were  used  as  the  anode.  The 
cell  cases  were  of  uninsulated,  rigid  plastic.  Cells  were  activated  for 
15  minutes  with  30  ml  of  electrolyte  prior  to  discharge. 
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The  capacity  data  are  presented  in  Figures  and  32.  These  data  show  a 
drop  In  efficiency  for  the  0.25-ampere  discharge  because  of  excess  magnesium 
corrosion.  This  condition  also  existed  with  the  ntf^eslum/mercurlc-oxlde 
system,  as  stated  previously.  An  AZ-21  or  AZ-31  alloy  must  be  used  to 
offset  the  corrosion  effects. 

3. 2. 5.1  TiOW-Tefiiperature  Studies 

Characteristics  at  -20  and  -kO*F  were  obtained  for  manganese-dioxide  cells 
enclosed  In  an  uninsulated  plexiglass  case,  inie  cells  and  electrolyte 
were  conditioned  at  the  ambient  temperature  for  I6  hours  prior  to  activation 
and  discharge.  Discharge  was  started  approximately  I5  minutes  after  activation. 

The  capacity  data  for  single  cells  discharged  at  constant-current  drains  of 
0.25  to  2.0  amperes,  and  at  temperatures  as  low  as  -40*F,  are  presented  in 
Table  XII.  Figures  53  through  56  show  the  resulting  discharge  curves 
obtained  from  this  data.  Cathode  efficiencies  at  various  teo^ratures  and 
current  drains  are  presented  in  Table  XIII,  and  Indicate  that  efficiency 
at  -20  and  -40*F  is  Independent  of  current  drain. 

It  Is  apparent  from  the  above  studies  that  magneslimi/manganese-dloxlde 
batteries  cem  be  designed  with  excellent  low- temperature  characteristics. 

If  these  cells  were  insulated  for  perfoznance  at  these  low  temperatures, 
they  woxild  most  probably  have  an  Increase  in  capacity  similar  to  that  of 
the  magnesium/mercuric -oxide  system. 

3. 2. 5. 2  Anode  Efficiency 

During  discharge  of  merctirlc -oxide  cells,  mercury  metal  Is  deposited  on 
the  magnesium  anode  causing  a  decrease  in  the  corrosion  reaction  and 
resviltant  hydrogen  evolution.  The  anode  efficiency  of  cells,  with  a  6:1  ratio 
cathode  calculated  by  magnesium  weight  loss  was  approximately  8l  percent 
at  the  10-ampere  drain.  This  agrees  with  the  data  obtained  for  the  mercuric 
chromate  Inhibitor  In  copper-oxide  reserve  cells. 

3.2. 5.3  Efficiency  vs.  Temperature  Study 

A  program  was  set  up  to  measxire  the  anode  efficiency  of  magneslm/magneslTan- 
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TABLE  XII.  CAPACITY  DATA 


CAPACrrY  TO  0.9-/0Tir  CUTOFF 


DISCHARGE  TDIE 
(hours)  (minutes) 


9 

5 

5 


33 

20 


3 

2 


50 

3 

U 


2 

1 

1 


35 

27 

8 


3 

45 

35 


AVX3lAaB  VOLZACK 
(volts) 


1.60 

1.38 

1.26 


1.68 

1.27 

1.20 


1.55 

1.28 

1.20 


1.43 

1.22 

1.11 


lir-19 
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DISCHARGE  TIME  (MINUTES) 


FIGURE  ^6.  HkA«k(C104)2A|302  RESERFB  CELLS  mSCHAROED  AT  -40*F. 


CATUQnB  efficiency  TO  C.9  VOLT  (PERCENT} 


CURRENT  KtAIN 
(asiMres) 

'72*F 

-20*F 

-40*F 

2.0 

61 

44 

34 

1.0 

75 

43 

33 

0.5 

70 

45 

32 

0.25 

66 

a 

39 

iir-20 


TABLE  XIII.  CATHODE  EFFICIENCY  OF  lfe/llfe(C10^)2  AT  VARIOUS 
CURRENT  DRAINS  AND  TEMPERATURES. 


perchlorate  cells  as  a  function  of  temperature.  Tests  Included  efficiency 
measurements  of  commercially  pure  magnesium,  AZ-10,  AZ-21,  and  AZ-31  alloys 
at  both  high  and  low  current  densities.  Studies  were  conducted  at  a  current 
density  of  1.5  ma/cm  and  results  are  included  in  the  following  section. 

Test_IYocedure 

Test  cells  were  assembled  using  two  1-3/8  x  2-inch  copper-oxide  reserve¬ 
cell  cathode  plates  and  one  1-3/8  x  2- inch  magnesium  anode  plate  having 

2 

a  total  surface  area  of  35*5  cm  .  Anode  plates  were  prepared  by  degreasing 
in  acetone  and  pickling  in  an  aqueous  solution  of  toO  cc/l  glacial  acetic 
acid  and  50  g/l  sodium  nitrate.  The  cells  were  placed  in  a  plastic  bag, 
perforated  at  top  and  bottom  and  held  in  position  with  tape.  A  silver/ 
silver- chloride  reference  electrode  was  included  in  the  cells  for  half  cell 
measurements . 

The  cells  were  positioned  in  a  400  ml  beaker  with  plastic  spacers.  The  beedcer 
was  filled  with  2N  magnesium  perchlorate,  and  Immersed  in  a  constant  temperature 
water  bath  with  a  il*C  variation. 

Discharge  was  started, 15  minutes  after  filling  with  electrolyte, at  a  constant 
2 

current  of  1.5  ma/cm  .  The  discharge  was  terminated  after  several  hours 
and  the  cells  were  placed  in  deionized  water.  The  oxide  film  was  removed 
from  the  magnesium  anodes  by  dipping  in  an  aqueous  250  g/l  chromate  solu¬ 
tion  with  10  g/l  silver  nitrate,  washing  in  deionized  water,  and  dryliig 
with  acetone.  The  loss  in  weight  was  deteznined  by  weighing  on  an  analytlccU. 
balance  before  and  after  discharge. 

Data  for  cells  containing  C.P.  magnesium  anodes  and  AZ-10  alloy  emodes  dls- 
2 

charged  at  1.5  ma/cm  over  a  temperature  range  of  20®  to  70*C  are  presented 
in  Figure  57.  It  is  seen  that  anode  efficiency  decreased  sharply  initially 
with  increase  in  tenqjerature  and  leveled  off  between  50  suid  70*C.  The 
efficiency  of  AZ-10  alloy  at  25*C  was  62  percent,  >rtiich  is  10  to  15  percent 
lower  than  the  maximum  efficiency  obtained  at  higher  current  densities. 

2 

A  1.5  ma/cm  drain  corresponds  approximately  to  a  75-hour  rate  for  an  AA- 
size  magnesium/magneslum-perchlorate/magnesium-dioxide  (type  M)  cell  and 
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a  lCX)-hour  rate  for  an  AA-size  magnesium/niagneslum  perchlorate/copper  oxide 
cell.  It  Is  seen  that  In  batteries  without  a  suitable  heat  slnk^  the 
temperature  of  the  cells  could  build  up  during  discharge,  causing  a  decrease 
In  the  magnesium  efficiency  and  overall  cell  capacity.  This  problem  Is 
obviously  enhanced  at  hl^er  current  densities  with  the  Increased  rate  of 
heat  evolution  and  presents  a  very  definite  design  problem.  It  should  be 
noted  that  the  AZ-10  magnesium  anode  operates  at  30  percent  efficiency  at 

with  the  remaining  70  percent  going  Into  the  heat-producing  and  water- 
consuming  corrosion  reaction. 

The  data  for  cells  containing  C.F.  magnesium,  AZ-10,  AZ-21,  and  AZ-31  alloys 
are  presented  in  Figure  58.  A  slight  decrease  in  efficiency  was  obtained 
with  the  various  alloys  over  the  temperature  range,  20  to  70 *C.  This  de¬ 
crease  would  have  little  effect  on  magnesium  cell  perfozmance.  Corrosion 
of  pure  magnesitmi,  however,  is  accelerated  above  30*C,  with  the  efficiency 
dropping  to  1*0  percent  at  70*C.  This  Increase  In  corrosion  rate  with 
tai^rature  Increase  results  In  an  increase  In  operating  voltage  level  In 
hlgh-rate  reserve  cells.  However,  It  will  result  In  a  cell-capacity  drop 
if  not  properly  controlled.  Proper  battery  design  must  be  used  .to  distribute 
heat  evolved  diurlng  the  cell  reaction  and  prevent  local  overheating. 

Efficiency  vs.  Duty  Cycle  Study 

Previous  studies  have  shown  poor  performance  of  magnesium  cells  on  iQtemlt- 
tent  service.  A  program  was  set  up  to  deteimlne  limitations  of  the  magnesium 
anode  In  this  type  of  application. 

Test  cells  were  constructed  with  AZ-10  and  AZ-21  edloy  similar  to  the  ef¬ 
ficiency-temperature  study  cells  suonarlzed  in  the  Second  Quarterly  Report. 

The  test  procedure  consisted  of  discharging  cells  at  room  temperature  In 
excess  2N  magnesliaa  perchlorate  electrolyte  on  a  constant-current  drain 
of  10  ma/cm^  for  15-minute  Intervals  with  varying  times  on  open  circuit. 

The  average  efficiency  data  for  magnesium  are  plotted  in  Figure  59-  The 
efficiency  was  found  to  decrease  10  to  I5  percent  for  a  15-mlnute 
closed-circuit/two-hour  open  circuit-duty  cycle,  with  a  constant  value 
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:GURE  59.  EFFECT  OF  OPEH-CIRCOIT  TIME  OFF  OW  THE  AWOEE  EFFICIKHCI  OF  M6/Mg(  ClOj^)  g/CuO  r^T.T.g  dI: 

10.0  ma/cm^  for  15  Muroras. 


being  reached  on  a  15-niinute  clo8ed-circuit/l6-hour  open-circuit  duty 
cycle.  The  efficiency  on  a  15-minute  closed-circuit/2l4-hour 
open-circuit  duty  cycle  averaged  25  percent  for  the  AZ-10  alloy  and  40 
percent  for  the  AZ-21. 

Test  Cell  Composition 

A  manganese-dioxide  cell  with  a  reserve-type  cathode,  was  selected  over  a 
cupric-oxide  cell  to  avoid  accelerated  magnesium  corrosion  caused  by  a 
possible  copper  solubility  at  low-current  densities.  The  cathode-mix 
composition  used  was  as  follows: 


MnOg  (Type  M) . .  lU8  g 

Shawinigan  carbon  black . I7.O  g 

BaCrOj^ .  5*0  g 

Mg(0H)2 . 5.0  g 


CMC  Solution,  1.5  percent.  ,  .  .  120.0  ml 

Cathode  plates  were  made  using  1.375  x  2- inch  silver-plated  5Cu5-Vo 
expanded-copper-screen  grids  and  four  girams  of  the  above  mixture  per  plate, 
with  filter  paper  as  the  separator.  Test  cells  were  assembled  using  two 
cathode  plates  and  one  1.375  x  2  x  .022- inch  AZ-21XA  magnesium  anode  plate. 

The  theoretical  cathode  capacity  was  7**-^  ampere-minutes.  IRiis  is  canparable 
to  a  AA-size  magnesium/magneslum-perchlorate/manganese-dioxlde  cell  >rtilcb 
has  a  theoretical  cathode  capacity  of  69*7  ampere-minutes.  The  cells  were 
placed  in  plastic  bags,  which  were  perforated  at  top  and  bottcn.  The  cells 
were  discharged  while  immersed  in  excess  2N  MgCciO]^)^  containing  one  gram 
per  liter  of  LlgCrOj^  and  0.5  grams  per  liter  of  Mg(0H)g. 

Average  test  results  are  summarized  in  Table  XIV  for  various  continuous  emd 

intermittent  drains.  The  data  show  that  no  significant  difference  on  AZ-21XA 

magnesium  efficiency  was  obtained  over  a  current-density  range  of  .096  to 
2 

5.9  ma  per  cm  and  that  there  was  no  significant  difference  in  efficiency  on 
several  two-minute  and  l8-minute  transceiver- type  drains.  Two  minutes  at 
100  ma  and  I8  minutes  at  3*^  na  is  an  equivalent  current  density  to  the 
BA-279-Bg  unit  drain  for  a  AA-size  magnesium/magnesixmi-perchlorat^manganese- 
dioxide  cell  based  on  forty-one  cells  for  the  unit. 
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TOTAL  CURRENT 
(nllliaiqps) 

CURRENT  DENSITY 

PER  CM 
(nllllanps) 

TIME  TO 
0.90  VOLTS 
(hours) 

ANODE  EFFICIENCY 
(percent) 

25>  cantlnuovus 

0.70 

37 

70.4 

57, 

1.6 

15.5 

71.2 

210,  " 

5.9 

3.13 

71.6 

530, 

U.9 

•  1 

66.5 

305,  2  ndn 

8.6 

25,  18  min 

0.7 

15.5 

69.5 

210,  2  nta 

5.9 

25,  18  ndn 

> 

f 

0.7 

19.75 

71.0 

150,  2  ndn 

4.2 

10,  18  ndn  ^ 

0.28 

37 

68.8 

100,  2  ndn 

2.8 

3.4,  18  ndn 

.096 

64.5 

74.3 

3.4 

.096 

89.25 

74.2 

Mr-57 


TABLE  XIV.  MAC»iESIUM  EFFICIENCY  AND  CAPACITY  DATA  FOR 
Mg(AZ-23XA)/l4g(C10^)2Ato02  CELLS  AT  VARIOUS 
CONSTANT-CURRENT  CRAINS. 


Cathodes  for  the  cell  discharged  at  3.4  ma  were  made  using  pure  expanded- 
sllver  grids.  Other  cells  made, using  sllver-plated-cppper  screen  grids, 
showed  evidence  of  copper  contamination  on  the  drain  and  therefore,  the 
results  are  not  Included.  The  hl£^  anode  efficiency  at  this  low  drain  Is 
e:q?lained  partially  by  the  beneficial  effects  of  excess  chromate  In  the 
electrolyte.  Previous  magneslim  studies*  with  AZ-10  alloy  showed  poor 
efficiency  at  current  densities  In  this  range. 


Magnesltim  corrosion  at  the  3*4  ma  drain  was  very  Irregular  with  the  main 
corrosion  occurring  around  the  edges  of  the  plate.  This  type  of  corrosion, 
while  maintaining  good  efficiency,  would  lead  to  perforation  In  a  round- 
type  cell  and  early  failure  due  to  loss  of  water.  Low-rate  perfomance  of 
a  flat-type  cell  would  not  be  affected,  provided  a  good  seeil  was  maintained. 

Data  presented  previously  showed  no  significant  loss  In  efficiency  at  dls- 

2 

charge  rates  down  to  O.096  ma  per  cm  .  Tests  were  continued  at  this  current 
density  to  recheck  the  results  obtained  on  the  AZ-21  eddoy,  and  to  detemlne 
low- drain  efficiency  of  various  alloys  and  the  effect  of  a  chremate  Inhibitor. 

Test  cells  were  the  same  as  In  previous  tests,  l.e.,  one  anode  plate  and 
two  cathode  plates,  1.37^  x  2  inches.  Manganese-dioxide  cathode  plates 
wl^.i  pure-silver  grids  were  used  In  all  cells  except  the  Inhibitor  test 
where  cupric -oxide  plates  were  used.  Average  efficiency  data  for  duplicate 
cells  is  presented  in  Table  XV  and  a  typical  discharge  curve  of  a  manganese- 
dioxide  cell  In  Figure  60.  The  data  show  that  magneslm  AZ-21  has  the 
highest  efficiency  of  the  alloys  tested,  with  an  efficiency  greater  than 
70  percent  for  six  manganese-dioxide  cells  tested.  Magnesium  AZ-10  had 
the  lowest  efficiency. 

It  should  be  emphasized  that  magnesium  corrosion  at  this  low  current  density 
Is  very  irregular,  and  results  in  large  holes  toward  the  latter  part  of  dis¬ 
charge.  In  addition,  this  high  anode  efficiency  could  be  realized  only  in 
a  flat-type  cell  construction,  since  rovmd-cell  perforation  would  limit  the 
discharge.  The  use  of  a  chromate  inhibitor  Increased  the  efficiency  up  to 
ten  percent. 

*lSpubTlshed~work  by~ r7w7  laity. 
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MAGNESIUM 

ALLOY 

CATHODE 

INHIBITOR 

1 

ANODE 

EFFICIENCY 

(percent) 

AZ-21 

MD02(t^e  M) 

3%  BaCiO^,  in  silx 

Ig/l  LlCiO. ,  In 

4 

electrode 

71.6 

AZ-21 

MDO2  ("type  M) 

3%  BeCxO,  ,  in  nix 

4 

71.8 

AZ-31 

1^2 

3%  BaCiO . ,  in  nix 

4 

67.7 

AZ-10 

Mn02 

3%  BaCxO.,  in  nix 

4 

63.8 

AZ-21 

CvO 

Ig/l  LiCiO . ,  in 

4 

electrolyte 

•  61.7 

AZ-21 

CuO 

none 

52.8 

TABLE  X\r.  MAGNESIUM-ANODE  EFFICIENCY  DATA  AT  A  CURRENT  DENSITY  OF 
0.096  MA/C3yr^  IN  2N  Mb( 030^)2  ELECTROLYTE. 


.  Mg(AZ-21XA)/Mg(C10^)2/Mti02(TyPE  M)  FLAT  CELL.  DISCHARGED  COHTIiroDlISLy  AT  3 .  V XILLIAMFS  (0.09ma 


Figure  6l  shows  the  anode  efficiency  of  the  two  alloys  as  a  function  of 
current  density.  For  the  AZ-21X1  alloy,  the  data  show  a  nearly- constant 
efficiency.  This,  together  with  its  excellent  low-discharge-rate  ef¬ 
ficiency,  makes  this  alloy  desirable  for  use  in  magnesium  dry  cells  and 
low- rate  reser\'e  cells.  The  efficiency  measured  for  the  AZ-21X1  alloy 
anode  was  somewhat  lower  tlian  expected,  since  in  practice,  efficiencies 
as  high  as  80  percent  have  been  obtained  for  this  material  in  reserve  cells. 

The  pure-magnesium  anode  has  a  much  higher  efficiency  than  the  AZ-21X1 
alloy  anode  at  high-current  densities  and  results  in  optimum  perfoimance 
in  high -rate  reserve  cells.  At  current  densities  below  3  ma/cm  the  ef¬ 
ficiency  falls  off  sharply,  limiting  the  use  of  pure  magnesium  at  low  dis¬ 
charge  rates. 

Cell  polarization  data  are  presented  in  Table  XVI  together  with  the  efficiency 
data  and  the  anode  composition. 

3.2.5.^  Correlation  of  Anode  Efficiency  with  Magnesium  Corrosion  Film  Studies 

Measurements  of  capacitance  and  resistance  of  the  magnesium  corrosion  film 

were  related  to  film  area  and  film  thickness,  and  predictions  were  made  of 

the  anode  efficiency  of  AZ-21X1  €ind  pure  magnesium.  Figures  62  and  63 

show  the  relationship  between  exposed  anode  area  and  anode  efficiency  eis 

a  function  of  current  density.  Olie  data  show  that  the  exposed  area  (A^  -  A^) 

decreases  with  decreasing  currant  density  to  a  point  where  the  total  anode 

2 

surface  is  covered  with  corrosion  film.  This  occurs  at  I.7  ma/cm  for  pure 

2 

magnesium,  and  0.3  ma/cm  for  the  AZ-21X1  alloy. 

The  rate  of  corrosion  film  formation  is  much  greater  for  the  pure  magnesium, 
as  indicated  by  the  higher  current  density  required  to  have  exposed  magnesium 
present.  Below  this  current  density  the  corrosion  film  foimation  rate  in¬ 
creases  as  the  load-current  density  decreases,  resulting  in  a  decrease  in 
anode  efficiency. 
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FIGURE  6l.  MAGNESHM  ANODE  EFFICIENCY  AS  A  FUNCTION  OF  CORREHT  DENSITY  IN  2N  MgCciOj^)^  EIECTROLYTE 


APPARENT 

CURRENT 

DENSITY 

(ma/cm'^) 

C.  P.  MAGNESIUM^ 

_ 

A2-2m  ALLOY 

CELL^^^ 

VOLTAGE 

(volts) 

ANODE 

EFFICIENCY 

(percent) 

CELL^^^ 

VOLTAGE 

(volts) 

ANODE 

EFFICIENCY 

(percent) 

10.9 

0.59 

82.3 

0.50 

66.9 

7.8 

0.64 

81.8 

0.54 

67.1 

3.8 

0.73 

77.4 

0.61 

62.2 

2.0 

0.82 

73.6 

0.64 

67.1 

0.46 

0.94 

49.7 

0.64 

64.5 

0.09 

1.20 

33.9 

0.92 

59.0 

Notes:  MT-59 

nnw  Siiblttnad  Mg 

Ca  Ctt  Fe  >to  Nl  Pb  SI  Sn  Zn 

i73r  <TW  <75Sr  <.001  <.0005  <.002  <.01  <,01  .003 

BM  Az-.i«a„ 

1.96  .15  <.001  .0014  .016  <.0005  .004  <.01  <.01  1.08 

(3^ 

^  '  Magnesium  vs  platlnlzed-platinum. 


TABLE  X\ri.  MA(»ISSIUM-ANODE  EFFICIENCY  DATA  IN  2N  MAGNESIUM' 
PERCHLORATE  EI2CTR0LYTE. 
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3.3  ELBCTROLYTE  RESEARCH  STUDIES 


3.3.1  Low-Temperature  Electrolyte  Conductivity 

A,  program  was  begun  to  study  the  conductivity  of  various  perchlorate  solu¬ 
tions  with  respect  to  temperature  and  to  detemine  their  suitability  as 
a  low-temperature  battery  electrolyte.  A  literature  study  showed  that 
little  data  was  available  for  perchlorate  conductivity  at  low  temperatures 
and  high  concentrations.  It  was  also  found  that  phase-diagram  data  on 
perchlorate-water  systems  is  not  available. 

The  specific  conductivity  of  magnesium  perchlorate  and  lithium  perchlorate 
solutions  is  presented  in  Figure  6k,  Measurements  were  taken  using  a 
conductivity  bridge  Model  RC-I6BI  (industrial  Instruments  Co)^and  a  conduc¬ 
tivity  cell  with  a  1.0-cell  constant.  These  curves  show  that  the  magnesivim 
perchlorate  electrolyte  was  superior  at  low  temperatures.  At  -UO*C  the 
same  conductivity  was  obtained  for  the  !)•  and  5N  magnesium-perchlorate  , 
solutions  and  both  should  yield  similar  cell  characteristics  at  this  tempera¬ 
ture.  The  marked  decrease  in  conductivity  at  the  low  temperatures  is  one 
factor  causing  initial  low  voltage  on  discharge  as  shown  in  Figure  29.  In 
Figure  64  the  curves  are  extended  down  to  the  approximate  freezing  point 
of  the  materials.  The  freezing  point  of  5N  magnesium  perchlorate  was 
not  reached.  A  study  with  5N  lithium  perchlorate  showed  results  similar 
to  the  magnesium  perchlorate  and  is  not  included  in  the  data  of  Figure  64. 

3.3.2  Specific  Conductivity  of  Various  Perchlorates 

ElectricsJL  conductivity  was  determined  for  various  perchlorate  electrolytes 
over  a  temperatvire  range  of  ♦40*  to  -70*C.  Measurements  were  taken  using 
a  Model  RC-I6BI  conductivity  bridge  and  a  conductivity  cell  with  a  1.0-cell 
constant.  Specific  conductivity  data  for  these  solutions  are  given  in 
Table  XVII.  The  results  show  that  6n  calcium  perchlorate  and  6n  strontium 
perchlorate  solutions  are  good  electrolyte  conductors  down  to  -70*C.  The 
conductivity  at  -70*C  is  the  same  as  a  5K  magnesium  perchlorate  solution 
at  -45*0. 
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TEMPERATURE  ( “C) 

SOLUTION 

CONC. 

40 

23 

0 

-20 

-40 

-45 

-60 

-70 

LiClO,, 

2N 

■■■ 

0.072 

F» 

F 

3N 

.097 

F 

F 

4n 

.099 

.048 

F 

5N 

mH 

.099 

.048 

F 

NaClO, 

2N 

0.164 

.115 

.067 

4 

4n 

.294 

.149 

.091 

.055 

.047 

F 

6n 

.313 

.156 

.078 

.051 

.028 

F 

8n 

.192 

.124 

.060 

.036 

.020 

F 

¥g(C10j^)2 

mm 

.118 

.069 

F 

F 

F 

KkH 

.141 

-083 

.049 

F 

F 

.149 

.092 

.053 

.020 

F 

EH 

.144 

.0^ 

.048 

,018 

.013 

Ca(C10,^)2 

2N 

.167 

H 

.073 

F 

F 

F 

F 

F 

Un 

.208 

.092 

.053 

,046 

F 

F 

F 

6n 

.167 

.078 

.055 

.036 

.019 

.014 

8n 

.112 

.074 

.037 

.030 

F 

F 

F 

Sr( 010^)2 

2N 

.159 

.104 

.077 

F 

F 

F 

F 

4n 

.204 

.135 

.087 

.066 

.050 

F 

F 

6n 

.151 

.103 

.061 

,040 

.023 

.016 

.012 

8N 

.079 

.053 

.027 

.013 

.006 

.002 

.001 

Ba(C10j^)2 

2N 

.030 

.086 

.059 

F 

F 

F 

4n 

.192 

.134 

*083 

.056 

.046 

F 

6n 

.170 

.127 

.067 

.044 

.027 

F 

8n 

.125 

.086 

_ 

.060 

.035 

F 

F 

*F  =  frozen 


TABLE  XVII.  SPECIFIC  CONDUCTIVUY  DATA  FOR  VARIOUS  PERCHLORATE- SALT  SOLUTIONS  AS 
A  FUNCTION  OF  TEMPERATURE  AND  CONCEKERATION. 


3* 3- 2.1  Effect  of  Various  Perchlorate  Electrolytes  on  the  Performance  of 
Magnesiujn/Mercuric-Oxide  Cells 

Low  tenperature  capacity  at'  was  determined  for  ten- cathode-plate 

magnesiura/mercuric -oxide  cells  using  5N  l'lg(C10j^)2,  6n  Ca(C10j^)2  and 
6n  Sr(clOj,)„.  The  cells  were  stabilized  at  -40*C,  activated  with  -4o*C- 
electrolyte  for  15  minutes,  and  discharged  at  the  five-hour  rate.  Internal 
cell  temperature  rose  during  the  initial  thirty  minutes  of  discharge  to  a 
constant  temperature  of  -30*C.  Capacity  data  for  these  cells  are  presented 
in  Figure  65.  The  results  .show  a  decrease  in  cell  capacity  for  cations 
of  larger  size.  The  cell  with  5N  MgCciOj^)^  electrolyte  had  a  cathode 
efficiency  of  56  percent,  calculated  to  a  20-percent  voltage  drop.  Anode 
efficiency  was  70  percent. 

Additional  studies  were  carried  out  at  room  temperature  to  determine  the 
factors  limiting  cell  capacity  with  Ca(C10j^)g  and  Sr(C102^)2  electrolytes, 
and  to  test  the  effect  of  mixtures  with  MgCciOi^)^.  A  single- cathode-plate 
test  cell  which  had  a  35*2  ampere-minute  theoretical  capacity  was  used  fcr 
these  studies.  The  cells  were  discharged  at  the  five-hour  rate. 

The  data  show  that  cell  capacity  decreases  with  an  increase  in  salt  cation 
size,  similar  to  those  results  obtained  at  -40*C.  Cell  voltage  also 
decreased.  Mixtures  with  5N  Mg(ClO^)2  solution  showed  an  increase  in  cell 
voltage  and  capacity. 

Half-cell  measurements  were  taken  on  the  6n  Sr(C10j^)2  cell  which  used  a 
pressed-silver/silver-chloride  reference  electrode.  The  mercuric -oxide 
cathode  was  found  to  be  the  limiting  electrode,  with  the  magnesium  remaining 
constant  throughout  the  five  hours  of  discliarge.  Examination  of  cells  after 
testing  showed  evidence  of  reaction  of  SrCciOj^)^  euid  Ca(C10j^)2  solution 
with  the  cathode  plate.  This  occurred  through  increased  corrosion  of  the  grid 
or  reaction  with  the  CMC  binder. 

3"3-3  Variation  of  Electrolyte  Viscosity  with  Temperature 

A  possible  explanation  for  the  decrease  in  cell  capacity  at  low  temperatures 
lies. in  the  increase  in  viscosity  of  the  MgCClOj^)^  electrolyte  with  a 
decrease  in  tenperature. 
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FIGORE  65*  Kg-HgQ  CEXLS  DISCHARGED  AT  0.1  AMPERE  AT  ROOM  TEMPERATURE  IN  VARIOUS  ELECTROLTTES. 

1  CATHODE  PIATE.  CELLS  »  10:1  RATIO  MIX.  THEORETICAL  CAPACITY  »  35.2  AMP-MIE 


Viscosity  data  for  a  3*58n  I'lgCclOj^)^  electrolyte  at  various  temperatures 
are  as  follows: 


70"F 

8  centipoises 

32*F 

-  10  centipoises 

-20®F 

-  l8  centipoises 

As  may  be  observed  from  the  above  data,  an  increase  in  viscosity  of  10  cen- 
tlpoises  is  obtained  with  in  decrease  in  temperature  of  90®P.  This 
increase  in  viscosity  can  'esult  in  concentration  polarization  of  the 
cell,  t!iereby  decreasing  the  cell  capacity.  The  increase  in  viscosity 
reduces  the  ionic  mobility  of  the  electrolyte  which  decreases  conductance. 
Data  are  presented  in  Figure  64^  \diich  shows  the  decrease  in  the  specific 
conductivity  of  magnesium-perchlorate  electrolytes  with  temperature. 

Table  XVIII  lists  the  viscosity  of  5K  Ca,  Sr,  and  Mg(C10j^)2  electrolytes 
at  various  temperatures. 

It  should  be  noted  that  CaCciOj^)^  is  more  suitable  with  respect  to 
viscosity  than  the  other  electrolytes  tested  throughout  the  entire  range. 
Specific-conductivity  data  presented  in  Table  XVII  show  conductivity  of 
Ca(C10j^)2  and  3r(C10^)2  to  be  better  than  iMg(C10j^)2  at  low  temperature. 

These  electrolytes,  however,  did  not  increase  the  low-temperature  capacity 
of  the  mercuric -oxide  -reserve  cell. 

3.4  DRY  CiiLLS 

A  program  was  initiated  to  determine  the  shelf  life  of  Mg/Mg( ClOj^) 2/Mn02  and 
M2/Mg(C10j^)2/Cu0  dry  cells. 

Cell  Formulations; 

The  Mg/MgC ClOj^) (Ti'pt-’  ")  cell  v/as  used  for  these  studies.  The  composi¬ 
tion  of  this  cell  is  listed  below. 


Material 
MnOp  (Type  M) 

ohavinloan  carbon  black  (Acetylene) 
BaCrO,^ 


2,9 
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ELEXTTROLYTE  VISCOSITY  ( CENTIPOISES) 


TS:-IPERATURE 

(”F) 

HHHSSSilii 

70 

10 

12 

10 

32 

14 

l6 

16 

-4 

20 

20 

10! 

-40 

33 

40' 

49 

-65 

i 

38 

74 

60  j 

MT-61 


TABLE  XVIII.  VISCOSm  OF  5N  Ca(C10,^)2  ,  SrCciOj^)^,  AIJD  MgCClOj^)^ 

ELECTROLYTES  AT  VARIOUS  TIMPERATURES. 


Wetness  -  (per  1000  g  dry  mix) 


507  ml  of  2N  Mg(C10j^)2Wlth 
1  g/l  LigCrOj^  and  0.5  g/l  MgCOH)^ 
Bobbin  -  7  g  of  wet  mlx/AA-cell. 

A  6:1  ratio  of  cupric-oxide-to-carbon  was  selected  as  a  standard  lot.  The  congposl- 
tlon  is  as  follows: 


Material 

CuO  (reagent  powder) 

Shaxrtnlgan  carbon  black  (Acetylene) 
BaCrOj^ 

Mg(0H)2 

Wetness  -  (per  1000  g  dry  mix).  .  . 
Bobbin  - 


Percent  by  Weight 

82.4 

13.7 

2.9 

.97 

473  ml.  2N  Mg(C10^)2,wlth  1  g/l 
LlgCrOj^  and  I/2  g/l  Mg(0H)2 
7.5  g  wet  mix/AA-cell 


3.4.1  Synthetic  MnOg  Study 


The  Increased  stability  in  the  presence  of  strong  oxidizing  agents  of  the 
magnesium-perclilorate  electrolyte  compound  to  the  magnesiinn-branide  electro¬ 
lyte  permits  the  use  of  a  more-reactive  synthetic  MnO^  in  magnesium  cells. 

A  sample  of  Type-L  MnOg  was  obtained  (Msinganese  Chemical  Corp.)  to  test 
compatibility  and  initial  characteristics.  Magnesium  AA-slze  cells  were 
assembled  with  this  MnO^  and  used  magnesium-bromide  and  magnesium-perchlorate 
electrolyte  mixes.  Cathode  mix  formulation  for  these  mixes  is  as  follows: 


Material 
T^e-L  MnOg 

Shawlnlgan  carbon  black  (Acetylene) 

BaCrOg 

Mg(0H)2 

Wetness  -  per/lOOO  g  dry  mix: 
Magnesium  perchlorate  mix  .  .  .  • 

Magnesium  brcxnide  mix  ...... 

Bobbin . . 


Percent  by  Weight 

84.7 

9.7 

2.8 
2.8 

520  ml  2N  Mg(C10j^)2,with  1  g/l 
LigCrOj^  and  1/2  g/l  Mg(0H)2 
560  ml  2N  MgBrgjWith  1  g/l  LigCrOj^ 
and  1/2  g/l  Mg(0H)2 
11  g  wet  mix/A- size 'cell 
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Bromine  vapors  were  evolved  in  the  MgBr^  mix,  indicating  the  activity  of 
the  Type-L  J-lnOg.  I'-lacnesiuia  A- Cells  were  assembled  and  discharged 
cliaracteristics  were  determined  at  4  ohms  and  I6-2/3  ohms  with  both 
electrolytes. 

The  results  are  summarized  in  Table  XIX  and  Figure  66  and  67.  The  data 
show  that  good  capacity  at  a  high-voltage  level  is  obtained  for  the  Type-L 
MnOg  cells,  while  the  discharge  time  is  less  ttian  for  cells  with  l^pe-M 
MnOg.  Although  the  total  cell  capacity  is  lower  than  that  for  Type-M  cells, 
the  Type-L  MnO^  may  be  of  interest  in  special  applications  where  the  higher 
voltage  would  be  utilized. 

Capacity 

Shelf-life  data,  presented  in  Table  XIX  and  Figure  3>  have  shown  that  good 
capacity  retention  is  obtained  with  ;4g/Mg(clOj^)2/MnO^  cells  and  Mg/Mg(  ClOj^)  g/ 
CuO  cells.  Although  good  shelf-life  data  have  been  obtained  for  magnesium 
perchlorate  cells  with  both  MnO^  and  CuO  cathodes,  some  cell  lots  have 
shown  considerable  perforation  on  both  the  70 *F  and  113*P  storage  tests. 

It  is  believed  that  these  failures  are  due  to  variation  in  can  composition 
and  processing. 

3.^.2  Dry  Cell  Parameter  Studies 

Extensive  perforation  of  magnesium  cans  of  the  above  shelf  studies  prmpted 
a  re-eval\iation  of  cell  materials  and  assembly  techniques.  Further  dry- 
cell  efforts  were  directed  toward  determining  the  factors  causing  this 
perforation. 

Analysis  of  the  2N  I'lg(C10[^)2  electrolyte  from  various  sources  has  shown 
the  electrolyte  to  be  free  of  impurities.  The  trace  amounts  of  Impurities 
noted  are  within  tolerance  levels  as  given  for  a  MgBr^  electrolyte. 

Accelerated  corrosion  studies  with  a  2N  MgCciOj^)^  electrolyte  have  shown 
that  the  magnesium  AZ-lOA  cans  badly  corroded  by  the  electrolyte  after  one 
week  at  130“F.  The  cans  tested  were  from  White  Metal  Co.  and  late  pro¬ 
duction  runs  from  other  sources.  These  studies  indicate  that 
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PERFORMANCE  DATA  OF  TYPE-L  AHIKM  MnOg  a-SIZE  CELLS  UTZLIZING  BOTH  MgBrg  AND  Mg(ClOj^) 


noORB  66.  COMPARISOH  OF  NAGOBSiai  A-CBILS 


2.00 


FIOORE  67*  COMPARISON  OF  NACNIESIIM  A-CELLS  COREAHHMG  TWO  DIFFERHfr  TXPES  OF  SnrEHETIC  ItoO. 

AND  ELBCTRQLITE  DISCHAROED  AT  16-2/3  OBMS. 


shelf-life  perforations  are  probably  due  to  poor  magnesium-ceui  quality. 
Itosupported  work  prior  to  this  contract  had  shown  that  magnesium  cans 
(AZ^IOA)  were  not  badly  corroded  by  2N  MgCclOj^)^,  and  were  corroded  to  a 
lesser  extent  than  a  control  sample  using  a  2N  MgBr^  electrolyte  with  and 
without  a  chromate  inhibitor.  Tests  have  also  indicated  that  air- line 
perforations  in  Mg(C10j^)2  cells  are  caused  by  reaction  with  oxygen. 

Cell  Formulation 


cells  were 

fabricated  with  the  following  formulation: 

Percent 

Amount 

Material 

(Ry  WeiRlit) 

391.5  g 

MgOg  (Type  M) 

66.5 

45.0  g 

Shawinigan  Carbon  Black 

7.8 

13.4  g 

BaCr0|^ 

2.3 

13.4  g 

Mg(0H)2 

2.3 

125.0  cc 

3.58N  Mg{C10j^)2  electrolyte 

22.1 

3. 4.2.2  Capacity  Data 

Data  on  the  hours  of  service,  avereige  operating  voltage,  cathode 
efficiency,  and  watt-hours-per-pound  of  A-cells  discharged  at  the 
various  temperatures  are  presented  in  Table  XX  mnd  XXVI.  Capacity  data 
to  a  0.9-volt  cutoff  voltage  is  presented  in  Figures  68  and  69.  The 
data  show  that  a  decrease  in  ten5)erature  results  in  a  sharp  drc^  in 
the  cell  capacity  of  the  system.  The  cells  averaged  2.75  hours  for 
the  16-2/3  ohm  drain,  and  10  hours  for  the  50-ohm  drain  at  -20*P. 

This  is  18  percent  of  the  room  temperature  capacity.  It  should  be 
noted  that  the  low-temperature  characteristics  of  the  Mg/Mg( ClOj^) g/ltoOg 
system  are  superior  to  those  of  the  Le  Clanche  cell. 

Figure  70  illustrates  the  relation  of  capacity  in  ampere-minutes  to 
temperature  and  discharge  rate.  Figure  7I  comgpares  the  variation  of 
cathode  efficiency  and  cell  capacity  with  the  temperature  and  discharge 
rate  for  Mg/Mg(  ClOj^) g/toO^  A-cells. 
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FIGURE  68.  DATA  FOR  Mg/Mg( 0102^)  o/MnO?  -'^-CELLS  DISCHARGED  CONTIHUDUSLY  AT  l6- 


FIGORE  69.  DATA  FOR  Hg/Mg( ClOj^) g/MnOg  A-CELLS  DISCHARGED  COHTIIlUOUaLY  AT  50  (SMS  AT  VARIOUS 
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FI3URE  70.  REIATIOH  OP  CAPACnT  TO  TEMPERATURE  ■  AMD  RATE  OP  DISCHARGE  POR 

Mg/Mg(C10^)2/Mh02  A-CELLS, 


70 


DISCHARGE  RESISTANCE  (OHMS) 


(ML-a4) 


PiGURi:  71. 


RELATION  OP  Mg/Mg( Cia ) p/MnOo 
TEMPERATURE  MD  DI 


CELL  CAPACm  AM)  EFPICISNCY  TO 
GCJIAJ^aE  MTE. 
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FIGURE  70  •  RBLATIOH  OF  CAPACITY  TO  TEMPJERATORE  AND  RATE  OP  DISCHARGE  FOR  - 

Mg/Mg(Cl0j^)2/Mn02  A-CELLS. 


3.4.3  Low  Temperature  Studies 


Capacity  data  for  A-cells  discharged  through  a  l6-2/3-ohni  load  at  70*P 
and  at  -10®F  are  presented  in  Figure  72.  The  data  show  that  the  cell 
capacity  ■Js  sharply  reduced  at  the  lower  temperature  and  the  cell,  retains 
only  26.5  percent  of  its  roan-temperature  capacity.  The  low-temperature 
tests  described  above  were  conducted  without  covering  or  insulation. 

In  an  effort  to  study  the  effects  of  insulation  on  cell  capacity,  two 
battery  packs  (six  A-cells  per  pack)  were  constructed,  one  with  a  csurdboard 
case  and  one  with  a  polyurethane-foam  case.  The  cardboard-case  battery 
measured  2.03  x  1.423  x  2.173  Inches  and  weighed  123.6  grams;  the  foam-case 
battery  measured  2.675  x  I.83  x  3*075  inches  and  weighed  I36  grams.  The 
six-cell  batteries  were  tested  by  storing  at  -20®F  for  I6  hours  and 
subsequently  discharging  them  throu^  a  100-ohm  resistor.  The  capacity 
data  are  presented  in  Figure  72.  The  data  show  that  a  discharge  time  of 
three  hours  and  43  minutes  was  obtained  with  the  foam- insulated  battery 
to  a  3*4-volt  end  point  with  an  average  voltage  of  7*55  volts;  a  dis¬ 
charge  time  of  two  hours  and  10  minutes  was  obtained  for  the  cardbosurd-case 
battery  with  a  6. 2- volt  average  voltage.  Although  an  improvement  was 
realized  with  the  foam  insulation,  only  one-third  of  room-tamperatxure 
capacity  was  obtained.  Examination  of  cells  after  low-temperature  discharge 
show  some  evidence  of  shrinlcage  in  the  Nibroc  separator.  This  would  cause 
poor  contact  between  the  anode  and  cathode  and  result  in  reduced  cell 
capacity.  Studies  were  conducted  to  deteimine  the  effect  of  the  separator 
on  low  temperature  capacity. 

A  study  was  made  of  differences  in  cell  components  at  temperatures  of 
and  -20®F  to  determine  possible  causes  of  capacity  loss  at  low  temperatiires. 
Cell  anodes,  cathode  bobbin,  separators,  and  carbon  rods  were  measured  and 
examin'd  at  the  two  temperatures.  No  change  was  noted  in  dimensions  of  the 
anodes  or  cirbon  rods.  The  separator  and  the  cathode  mix  appeared  wet  and 
similar  to  room- temperature  appearance  at  the  -20®F  temperature.  The  only 

significant  variation  noted  was  a  slight  loosening  of  the  carbon  rod  in  the 
cathode  mix. 
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3.4. 3»1  Cell  Fornmlatlon 


Cells  were  fabricated  with  the  following  cathode  foztiulation: 

Percent 


Amount. 

Material 

<By  Weight) 

783.0  g 

MnO^  (Type  M) 

53.6 

90.0  g 

Shawlnigan  Carbon  Black 

6.1 

26.8  g 

BaCrOj^ 

1.1 

26.8  g 

Mg(OH)2 

1.1 

526.0  cc 

5N  Mg(C10j^)2  electrolyte 

35.9 

3. 4. 3. 2  Variations  in  Cell  Construction 

As  e>:iggested  previously,  poor  performance  at  -20®F  is  caused  by- 
contraction  of  the  cathode  mix  a\ia.y  from  the  magnesium  electrode  and 
carbon  rod.  Accordingly,  studies  were  conducted  with  various  separator 
materials  irtiich  might  expand  when  wetted  by  electrolyte. 

New  Separator  teterial 

Separator  materials  investigated  were  Webril  (R-2601)  and  microporous 
polyethylene.  Since  the  Webril  material  has  a  large,  irregular  pore 
structure,  it  was  necessary  to  back  the  Webril  with  Nibroc  paper  to 
prevent  shorting.  The  V/ebril  has  a  density  of  160  -g/sq  yard,  and  is 
.045-inch  thick.  The  microporous  polyethylene  was  .010- inch  thick. 

The  assembly  of  cells  with  the  new  separator  was  identical  to  that 
of  conventional  cells.  Little  or  no  improvement  in  cell  performance 
TOS  realized  \7ith  the  use  of  either  separator  material,  as  evidenced 
by  the  data  presented  in  Figure  73.  Inspection  of  discharged  cells 
showed  that  some  cathode  material  was  able  to  penetrate  the  Webril 
separator.  The  cathode  was  also  hard  and  dry. 

3.4. 3. 3  2xcess-FJ.ectrolyte  Studies 

As  a  result  of  the  obseirvations  made  on  the  diy  condition  of  the  cathode 
after  discharge,  cells  were  assembled  with  25  percent  more  electrolyte. 


Numerous  problems  were  encountered  in  the  assembly  of  the  cells. 

First,  the  cathode  bobbin  could  not  be  extruded,  and  made  filling 
of  the  magnesium  c£m  an  awkward  emd  unpredictable  process.  Most  of 
the  test  cells  were  shorted.  Fomulation  of  a  MhO^-cathode  ml*  with 
10  percent  or  more  excess  electrolyte  is  not  Ideally  suited  for  the 
assembly  and  operation  of  the  present  A- cell  design. 

Prepelleted  Cathode  Electrodes 

To  further  study  the  possibility  of  capacity  loss  due  to  contraction 
of  the  cathode  bobbin,  cells  were  constructed  with  pressed  cathode 
electrodes.  The  following  cathode  fonnulation  was  used: 

Percent 

Material  (Qy  Weight) 

MiOg  (Type  M)  52.6 

Shawlnigan  Carbon  Black  7*1 

carboxy  methyl  cellulose 
( CMC)  solution  38.4 

This  mix  was  pressed  into  a  slug  havirag  the  same  dimensions  as  the 
extruded  bobbin,  and  a  silver  wire  was  inserted  into  the  center  of 
slug  to  serve  as  the  cathode  collector.  The  pressed  cathode  slug 
was  dried  and  inserted  into  the  magnesium  can.  With  the  addition  of 
2.5  grams  of  5N  magneslian  perchlorate  electrolyte,  the  cathode  swelled 
to  fit  tightly  in  the  can. 

Capacity  data  for  70*F  and  -20®P  operation  of  these  cells  eure  presented 
in  Figures  74  and  75 •  The  cells  were  discharged  on  16-2/3-ohm 
continuous  load  without  insulation.  The  room-tunperature  data  given 
in  Figure  74  show  an  increase  in  ampere-minute  cajjaclty;  however, 
tlie  watt-hour  efficiency  is  approximately  the  same  as  that  shown  by 
the  iTJa  under  the  curves.  At  -20*F  (.Figure  75) »  the  cells  with  pre¬ 
pelleted  anodes  had  a  severe  loss  in  capacity.  The  low  ionic  conduc¬ 
tivity  of  the  electrolyte  at  this  temperature  and  the  Increased  internal 
resistance  due  to  the  CMC  appeeured  to  be  responsible  for  the  poor  per- 


Amount 

109.5  g 
14.5  g 
80.0  g 
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rormance.  The  low  operating  voltage  at  70*F  most  probably  was  caused 
by.  addition  of,  the,.CMC.„binder. 

3.^. 3*5  Studies  of  Electrode  Surface  Area 

A  good  low-temperature  battery  must  possess  the  same  characteristics 
as  a  cell  performing  at  room  temperature.  The  efficiency  of  the 
electrode  reactions  involved  in  the  operation  of  a  battery  d^ends 
largely  upon  the  area  of  the  electrode  surface  available  to  the  reeu:tlons. 
At  low  temperatures,  the  ionic  conductivity  of  an  electrolyte  is 
greatly  impaired.  Therefore,  the  anode  surface  area  must  be  made  large 
to  coarpensate  for  loss  in  ionic  conductivity  at  lower  temperatures. 

The  increased  surface  area  also  serves  to  lower  the  current  density 
and  spread  out  the  poor  conducting-reaction  products  of  manganese 
dioxide.  In  general,  constructions  which  provide  large  surface  areas 
are  excellent  choices  for  use  at  low  temperatures. 

The  most  convenient  method  of  Increasing  the  anode  surface  BLTe&  in  the 
A-cell  is  to  insert  a  magnesium  rod  in  place  of  the  carbon  cathode 
collector  and  to  externally  connect  the  rod  to  the  can.  This  pro¬ 
cedure  increased  the  anode  area  by  50  percent.  The  positive  conducting 
rods  were  silver  wires  inserted  into  the  positive  mix.  Figure  j6  is 
a  sketch  of  the  cell  construction. 

Capacity  data  for  the  A-cells  described  above  are  presented  in  Figure  77* 
These  cells  had  a  theoretical  cathode  capacity  of  96  ampere-minutes, 
and  were  discharged  on  a  16-2/3-ohm  load.  The  data  show  that  A-cells 
with  Increased  anode  areas  had  increased  capacity  and  watt-hour 
efficiency  compared  to  those  of  standard  construction.  A  similar 
improvement  in  performance  was  realized  at  70*P,  as  evidenced  by  the 
d«  ha.  in  Figure  JQ. 

To  further  determine  the  effect  of  surface  area  on  the  capacity  of  the 
Mg/Mg  ( ClOj^)  g/rinOg  system  at  low  temperature,  IlnOg  reserve- type  plates 
were  made  with  2x2- inch  silver  grids  and  8.7:1  dry-cell-mix  ratio. 
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FIGURE  76.  BASIC  CONSTRUCTION  OP  LOW-TIMPERATORE  A-CELL  HAVING  INCREASED 

ANODE- SURFACE  AREA. 


Two  types  of  cells  were  made;  the  first  had  one  cathode  and  one  anode, 
the  second  had  one  cathode  and  two  anodes.  The  cells  were  discharged 
on  16-2/3-Ohm  load  at  -20*P  without  insulation.  The  results,  as 
evidenced  by  the  data  in  Figure  79>  show  capeujity  increased  from 
two  hours  and  12  minutes  to  six  hours  sr.d  80  minutes  by  doubling  the 
anode  surface  area.  Ihls  Increase  in  performance  is  similar  to  that 
found  in  the  A-cells  having  increased  surface  area.  An  alternate 
A- cell  design  idilch  would  take  advantage  of  maximum  electrode  surface 
area  is  one  idilch  used  two  thin,  flat  plates  --  one  of  magnesium  ariH 
the  other  of  manganese-dioxide  spread  or  pasted  onto  a  flexible  grid. 

The  plates  are  placed  on  top  of  each  other,  with  a  sepELrator  between 
them,  and  then  rolled.  The  spiraled  element  is  Inserted  into  a 
container.  Data  for  cells  discharged  at  -20*F  on  l6-2/3-ohm  load  is 
presented  in  Figure  80. 

3.4.4  Magnesium  Can  Studies 

Fifty  AZ-10  magnesium  A-cell  cans  were  treated  by  coating  the  interior  air¬ 
space  region  with  a  vinylite-solvent  mixture.  Twenty-five  cell  lots  of 
Mg(  ClOj^)  g/jfaOg  (Type  M)  and  Mg(C10j^)g/Cu0  cells  were  assembled  and  placed 
on  storage  tests  at  113 *F.  Two-months  storage  resulted  in  four  perforations 
in  the  ^fa02  cells  and  one  perforation  in  the  CuO  cells.  Uhls  represents 
an  improvement  over  the  untreated  cans.  In  addition,  this  treatment  yielded 
a  better  seal.  Corrosion  tests  on  restabilized  AZ-10  magnesium  A-cell  cans 
in  2N  Mg(C10j^)2  with  1.0  g/l  LiCrOj^  and  O.5  g/l  MgCOH)^  showed  some 
improvement  over  untreated  cans.  Cell  lots  were  tested  for  effect  of  storage. 

The  reported  cluu^cteristlcs  of  AZ-21XA  magneslian  which  Included  the  low 
delay  of  AZ-IOXA  with  the  high  anode  efflcien^j^^  of  AZ-3IA  made  this  alloy 
desirable  for  extended  dry-cell  development.  A  lot  of  A-cell  cans  was 
received  and  evaluation  studies  made.  Tests  on  these  cans  in  2N  Mg(C10j^)2 
with  1.0  g  LiCrOj^  and  O.5  g/l  Mg(0H)2  showed  evidence  of  line-type  corrosion. 
This  corrosion,  however,  was  very  sll^t  and  is  not  ea^ected  to  eiffect  shelf 
life.  One  lot  each  of  Mg/Mg(C10j^) 2/1*102  (3^T?e  M)  and  Mg/Mg( ClOj^) g/CuO  cells 
was  made  for  113*F  storage.  Discharge  of  these  cells  showed  that  the 

fl)  R.fT  ittrirandrRTwT  Reid,  "Magnesium  as  a  Battery  Anode".  Proceedings  of  the 
l4th  Annual  Power  Sources  Confei^ce,  U.S.  Azmy  Signed  Research  euid  Develop¬ 
ment  Laboratory,  Fort  Monmouth,  Hew  Jersey,  May,  i960. 
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FICSURE  79.  MgAfe(C10^^)9/l«)2  FLAT-W-ATE  CELLS  OF  VARIOUS  ANODE  SURFACES. 

ngT.T.t;  WERE  DISCHARGED  ON  16-2/3  OHC  AT  -20*?. 


AZ-21XA  magneaivjm  operates  at  0.03  volts  lower  than  the  AZ-10  alloy.  Dis¬ 
charge  curves  are  given  in  Figures  8l  emd  82.  Storage  tests  for  these 
cells  have  been  evaluated  and  have  been  reported  in  another  section  of  this 
report.  Comparlaon  tests  were  also  run  with  a  inagnesluarbromide  elfc»;trolvte 

Three- month  storage  of  A-cell  magnesium  AZ-21  alloy/magnesium  perchlorate/ 
manganese  dioxide  (type  M),  and  cupric- oxide  dry  cells  at  113 “F  and  95 
percent  relative  humidity  shoved  no  less  of  capacity  on  l6-2/3-ohm  drain. 

Foiir  can  perforations  were  found  in  the  manganese  dioxide  cells  and  one 
perforation  in  the  cupric-oxide  cells,  out  of  original  lots  of  50  cells 
each.  The  manganese-dioxide  cells  showed  evidence  of  electrolyte  leakage 
past  the  seal. 

Msifinesiim 

Six-months  storage  magnesium  (AZ-21) /magnesium  perchlorate/manganese  dioxide 
(type  M)  A-cells  at  113*F  and  95  percent  relative  humidity  showed  a  capacity 
retention  of  95  percent.  Eight  cell  perforations  were  found  in  the  air¬ 
space  region.  The  perforations  were  probably  caused  by  electrolyte  lealcage 
resulting  frem  poor  seals.  Other  cells  in  the  lot  show  evidence  of  electro¬ 
lyte  leakage  around  the  seal.  Additional  cells  were  placed  on  storage  for 
seal  evaluation. 

Six-months  storage  of  A  -size  magnesium  ( AZ-21) /magnesium  perchlorate/ 
cupric  oxide  dry  cells  at  113 *F  and  95  percent  relative  humidity  showed  a 
capacity  retention  of  65  percent.  Water  content  is  a  critical  factor  in 
cupric-oxide  cells.  Hence,  loss  of  water  throu^  the  seeJ.  could  be  a  factor 
in  limiting  cell  capacity.  Three  cell  perforations  were  found  in  the  lot. 

A  nine-months  storage  of  A-cell  magnesium/magnesium  perchlorate/manganese 
dioxide  (type  M)  dry  cells  at  113 *P  and  95  percent  relative  humidity  resulted 
in  95  percent  capacity  retention  on  a  l6-2/3-ohm  continuous  drain.  Examina¬ 
tion  of  the  cells  reveaJ.ed  evidence  of  leakage  of  the  electrolyte  past  the 
seal.  This  may  be  caused  by  an  excess  of  electrolyte  in  the  mix.  Additional 
cells  were  tested  with  a  reduced  amount  of  electrolyte  to  determine  effect 
on  leakage. 
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FigURS  ai,  CAPACm  DATA  FOR  Mg/Mg(ClQ4)2/Mn02  (TYPE  M)  A-CEII.S  AT  16-2/3  OHMS. 
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FIGURE  82.  CAPACm  DATA  FOR  M6/Mg(  CIO^)  ^CuO  A-CE113  AT  10-2/3  OHMS. 


!nie  nine  month  results  of  the  iS-ZlZ  ohm  tests  on  mac^eslum-magneslum 
perchlorate- cupric  oxide  A-cells  at  113 "P  and  95  percent  relative  humidity 
resulted  in  a  capacity  retention  of  70  percent.  No  electrolyte  leakage 
or  perforations  in  the  can  vere  detected  in  these  cells. 

Can  Seal  Studies 

Previous  cell  storage  studies  Indicated  that  loss  of  cell  capacity  was 
due  to  loss  of  vater  caused  by  faulty  seals.  Therefore,  a  study  was 
carried  out  to  find  a  better  sealing  compound  for  future  storage  lots. 
Tests  were  run  on  the  sealing  compounds  presently  used  plus  several 
additional  samples  obtained  from  the  Mitchell  Rand  Manufacturing 
Corporation. 

Evaluation  of  hot-wax  seals  to  magnesium  sheet  showed  that  hard 
waxes,  such  as  Mitchell  Rand  No.  I85O  blac)c  and  Mitchell  Rand  No.  308I 
red,  had  little  adhesive  strength.  Although  better  adhesion  was  obtained 
with  the  softer  materials,  these  are  undesirable  for  elevated  temperature 
storage.  Tests  of  magnesium  A-cell  cans  filled  with  2N  Mg(C102^)2 
electrolyte,  sealed,  and  stored  in  aa  inverted  position  at  113*F  and 
9%  relative  hximldlty  showed  that  the  waxes  tested  were  not  entirely 
satisfactory  as  seeding  agents. 

The  use  of  an  asphedt-base  paint  pretreatment  of  the  magnesium  was 
studied  prior  to  applying  sealing  coopoiind  as  suggested  by  the  Mitchell 
Rand  Corporation.  Results  of  hot-wax  seals  to  meignesium  sheet  showed 
that  this  procedure  Improves  bonding  to  the  surfeu:e  with  most  waxes. 

Best  results  were  obtained  by  using  this  paiint  and  a  wax  consisting 
of  90^  Mitchell  Rand  No.  I89O  black  wax  and  10^  Atlantic  shingle 
saturant.  The  shingle  saturant  provided  a  greater  adhesion  to  the 
surface. 

3. 1.4.2  Delayed  Action  Shelf  Study 

The  delayed  action  study  program  was  set  up  to  detexmine  cell  voltage 
delay  and  capewity  on  a  radio  transceiver  drain.  The  AN/PRC-35  (XC-2) 
kn  unit  drain  was  selfected  for  testing  as  this  represents  a  more 
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severe  change  from  low  to  high  current  than  most  transceiver  applica¬ 
tions.  The  requirements  for  the  Ag  unit  drain  are  8  ma  for  18  minutes 
and  138  ma  for  2  minutes. 

f’lguro  33  gives  a  typiccLi  u..scharge  curve  for  the  initiau.  capacity 
of  a  Mg/Mg(C10j^)2/toOg  (Type  M)  AA-cell  for  the  above  drain.  The  data 
are  plotted  as  continuous  for  the  2-minute  and  l8-minute  cycles. 

The  delayed-action  data  for  this  cell  are  presented  In  Figure  dk-  for 
the  initial  2-minute  cycles  and  at  various  points  during  the  cell 
discharge.  The  delayed  action  for  the  initial  2-mlnute  cycle  is  much 
greater  than  for  the  succeeding  cycles  and  can  be  attributed  to  the 
chromate  film  obtained  in  the  can  pickling  process  and  the  concentration 
of  lithium  chromate  added  to  the  electrolyte.  This  delay  diminishes 
quickly  with  subsequent  cycling  to  a  relatively  constant  value  of  less 
than  one  fifth  of  a  second. 

MnOg  Cells 


A  conq?arlson  of  delayed  action  characteristics  was  made  between 
magnesium  perchlorate^faOg  AA-slze  cells  and  magnesium  bromlde/MnOg 
AA-size  cells  using  both  AZ-10  and  AZ-31  magneslm  alloys. 

Ihe  improvement  in  delay  with  Mg(C10|^)2  cells  over  MgBr^  cells  was 
more  pronounced  with  an  AZ-31  magnesium  anode.  These  cells  exhibited 
only  a  slight  delay  below  a  1.1- volt  cutoff,  Pereas  the  cells 

had  a  delay  of  several  seconds  throughout  the  entire  discharge.  These 
results  indicated  that  the  perchlorate  cells  would  show  favorable 
delayed-action  chancteristlca  with  the  alloys  other  than  AZ-10. 

Hs;^J4j(C10^)  2/Cu0  CeUa 

The  delayed  action  characteristics  of  Mg^fg(C10]^)2/Cu0  AA-cells  were 
measured  on  the  Radio  Set  AK/FRC-33(XC-2)  A2  unit  drain.  Magnesium- 


cupric  oxide  cells  were  discharced  for  18  minutes  into  91  ohms  and 
for  2  minutes  at  5.39  ohms  to  a  0.7^-volt  cutoff. 

The  delayed  action  of  two-week-old  cells  oh  the  initial  two  cycles 
and  at  various  times  throii^.out  the  discharge  is  presented  in  Figure  85. 
After  the  initial  cycle, the  delay  approaches  a  constant  value  of  less 
than  1/5  of  a  second.  This  agrees  with  the  results  found  with  the 
magnesium  perchlorate/MnOg  cells. 

Storage  of  cells  at  70“F  and  113*F  for  as  long  as  I3  months  showed  no 
effect  on  the  delayed  action  characteristics.  The  data  curves  (Figures 
83  and  84)  can  be  considered  representative  of  results  up  to  13  month 
storage  period.  Intemlttent  capacity  data  for  the  above  cells  are 
summarized  in  Table  XXI. 

3,5  basic  research 

3.5.1  Impedance  of  Dry  Cells 
3. 5.1*1  Introduction 

Data  are  presented  in  Figures  86  and  87  and  Tables  XXII  and  XXVIII  for  the 
delayed  action  of  the  two  magnesium  alloys  measured  at  various  times 
throughout  discharge.  Ihe  results  show  that  magnesium  AZ-21  behaves 
similarly  to  AZ-31.  The  voltage  level  of  the  AZ-21  is  slightly  lower 
th£ui  the  AZ-10,  as  indicated  by  continuous-drain  tests.  Cell  capacity 
was  equivalent  for  both  alloys,  giving  50  hours  to  a  1.20- volt  cutoff. 
Peak-voltage  data  are  presented  in  Table  XXII.  Data  are  taken  from 
measurements  made  throughout  the  first  minute  of  the  l8-minute  cycle. 

The  results  show  that  both  alloys  operate  with  voltage  in  excess  of 
1.80- volts  in  the  initial  15  seconds  of  the  cycle  during  the  first 
el  'ht  hours  of  discharge.  The  AZ-21  voltage  levels  off  faster  than 
the  /Z-10,  and  operates  about  0.1- volt  lower  on  the  light  drain. 

Tlius,  AZ-21  appeared  to  be  the  more  desirable  alloy  in  applications 
where  peak  voltages  are  a  problem. 
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Fir;UH?;  86.  DELAYED-ACTION  characteristics  of  AZ-21  Mg(MgC10j^)2/Mn02  (TYPE  M)  A-CELLS 

AT  150-OHM  TO  8.9-OHM  DRAIN. 
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FIGUR3  87.  DELAYED  ACTION  CHARACTERISTICS  OF  Mg(AZ- 10 )/Mg(C10j^ >2/^02  (TYPE  M) 

A-CSLLS  AT  I5O-OHM  TO  8.9-QHM  DRAIN. 


CELL  voltag: 
( Volts) 


TABLE  xxn.  voltage  VARIATIONS  OF  Mg/Mg(C10j^)2/tfa02  (TYPE  M)  A-CELLS  WITH  AZ-10  AND  AZ-21  MAGNESILII 

AliOY  ON  HfTERMITTENr  SERVICE. 


The  wide  voltage  range  noted  in  this  type  of  intermittent  service 
must  be  considered  carefully  in  the  design  of  magnesium  dry-cell 
packs.  Raising  the  cutoff  voltage  per  cell  would  minimize  the  peak- 
voltage,  but  woitlil  increase  the  lower  delay  voltage  on  the  high-dreln 
cycle:. 

The  impedance  of  cells  of  the  type  under  consideration  is  represented 
schematically  in  Figure  88.  The  anode  and  cathode  resistances  shown 
are  negligible  by  comparison  with  the  other  ac  effects,  £uid  may  be 
eliminated  from  the  discussion.  Of  particular  interest  is  the  physical  • 
structure  of  the  corrosion  film  and  its  effect  on  the  overall  cell 
performance.  If  a  range  of  frequencies  can  be  found  in  lAiich  the 
electrolyte  capacitance  does  not  aJTfect  the  cell  impedance,  the  neces¬ 
sary  electrical  data  on  the  film  can  be  obtained.  An  ideal  two-com¬ 
ponent  system  with  the  equivalent  circuit  shown  in  Figure  88  will  have 
a  frequency  characteristic  similar  to  that  shown  in  Figure  89. 

Figure  89  shows  a  relatively  constant-capacitance  value  followed  by  an 
abrupt  drop,  and  a  second  constant-capacitance  value  followed  by  another 
abrupt  drop.  The  first  constant-capacitance  value  represents  the 
capacitance  of  both  components  of  the  system  --  the  electrolyte  and  the 
anode  film.  The  initial  drop  in  capacitance  occurs  when  the  capacitance 
of  the  high-capacity  element,  the  electrolyte,  is  damped  by  the  resistance 
and  ceases  to  function  as  a  dielectric.  At  this  point,  this  capacitance 
ceases  to  be  an  operating  part  of  the  system.  The  second  constant  value 
represents  the  capacitance  due  only  to  the  anode  film  in  the  low-capacity 
parallel  branch.  The  second  drop  in  capeujitance  occurs  when  this 
parallel  capacitance  is  damped  by  the  circuit  resistemce.  Thus,  it  is 
possible  to  separate  the  effects  within  a  two-component  system  if  a 
broad  range  of  frequencies  can  be  found  to  enable  the  study  of  a  single 
component. 

3. 5,1. 2  Measurements  and  Equations 

Caiimercial  impedance  bridges  cannot  be  used  because  the  capacitance  of 
the  cells  is  very  high  and  the  series  resistance  is  often  as  high  as  or 
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FIGURE  88.  EVnVALENT  CIRCUIT  OF  THE  MAGNESIIH  CELL. 


hij^er,  than  the  reactance.  Therefore,  a  special  resistance-ratio 
inqpedance  bridge  vas  designed  and  .built;  this  bridge  is  shovn 
schematically  in  Figure  90.  The  bridge  uses  very  high  trensformer 
turn  ratios  (up  to  5000  to  1),  two  2500-tJ.f  capacitors  which  prevent 
spurious  cell  leading  by  the  oscillator  and  detector  circuits,  and  a 
load  resistor,  Rt>  in  parallel  with  the  ijiikhown  iuipedance  to  obtaJii 
various  cm-i-ent  densities.  The  use  of  the  load  resistor,  neces¬ 
sitates  a  correction  in  the  measured  value  of  resistance.  Direct  values 
for  this  bridge  are  obtained  with  equations  (l)  and  (2)  ,  amd  equation 
(3)  is  the  corrected  value  of  the  equivalent  parallel  resistance. 


h 


where: 


(1) 


(2) 


(3) 


V 

"x 


-  Equivalent  parallel  resistance  measured  value  (ohms) 
a  Equivalent  parallel  capacitance  ((xf) 

^  Eq^lvalent  parallel  resistance,  corrected  value/  (ohms) 
3  Standard  bridge  balanciiig  resistor  (ohms) 

•  Standard  bridge  balancing  capeusitor  (»xf) 

~  Load  resistor  (ohms) 


3. 5. 1.3  Cell  Analysis 

When  the  polarization  of  the  electrolyte  is  damped  by  the  cell  resistance, 
the  equivalent  circuit  of  the  cell  shown  in  Figure  88  is  reduced  to  the 
simple  circuit  shown  in  Figure  91. 
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BRIDGE  TRANSFORMER 
GENERAL  RADIO 
TYPE  57.e-A 


MAGNESIUM  CELL  IMPEDANCE 


i  ^ 


vVvA 


FIGURE  91.  BQUIVALERT  CIRCUIT  OF  MACMESIUM  CELL  AT  FREQUENCIES 
ABOVE  TOE  ELEXTEROLYTE  CUTOFF  FREQUENCY. 


At  the  frequencies  vAiere  the  equivalent  circuit  shovn  in  Figure  91  is 
valid,  the  equivalent  parallel  capacitance  and  resistance  as  measured 
on  the  bridge  are  directly  equal  to  the  film  capacitance  and  resistance. 
The  capacitance  and  resistance  of  the  films  may  be  related  to  film 
dimensions  and  the  constants  of  the  materials  as  follows: 


C 


f 


and: 


B 


f 


\diere: 


Pf  ‘f 


2  2 

Permittivity  of  free  space  in  coul  /n  cm  . 
Dielectric  constant  of  corrosion  film. 
Film  area  in  cm^. 

Film  thickness  in  cm. 
ac  resistivity  of  film  in  ohm  x  cm. 


(5) 
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The  ratio  of  the  film  area  (A^)  to  film  thickness  (t^)  is  the  only 
relationship  wliich  may  be  obtained  frcm  equations  (If)  and  (5).  Solving 
these  two  equations  simultaneously,  the  ratio  of  film  area  to  film 

thlcl-uieS'j-'-ia  exp'rassed  in- ■  equation  (6). 


(6) 


However,  the  use  of  equation  (6)  is  riot  sufficient  to  enable  the  deter¬ 
mination  of  all  of  the  infomation  wanted  about  the  corrosion  film.  Tlie 
analysis  of  the  data  is  not  straightforward  because  of  the  following 
characteristics  of  magnesium  anode: 


a.  The  anode  area  does  not  ranain  constant  as  a  function  of  the 
current  density. 

b.  The  anode  becar.es  corroded,  etched,  and  pitted,  to  varying 
degrees,  at  different  current  drains. 


Consequently,  the  measured  plane  area  of  the  anode  is  not  the  true  area. 

In  addition,  the  corrosion  film  is  not  continuous,  and  the  amount  of 
discontinuity  or  uncovering  of  the  anode  surface  varies  with  current 
density. 

Therefore,  there  are  three  unknown  quantities  to  be  determined  as  functions 
of  current  density  are  as  follows: 


a.  the  true  total  anode  area  (Ap). 

b.  the  part  of  the  total  anode  area  covered  by  the  corrosion  film  (a^,). 

c.  the  thictuiess  of  the  corrosion  film  (t^). 


In  determining  each  of  these  parameters,  the  dc  resistance  of  the  cell 
must  be  considered  in  the  calculations,  S^cept  for  open  circuit  loads, 
the  dc  resistance  of  the  cell  is  calculated  from  the  cell  voltages  as 
follows: 


R 


\  (■ 


Voc 


7 


-1) 


(7) 
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vhere: 


R_  -  load  resistance.  ■ 

L 

=  open- circuit  cell  voltage 
V  =  outmt  voltage  across  the  3.oad  resistor,  R- 

At  open  circuit,  the  dc  resistance  of  the  cell  can  1:  e  found  by  extra¬ 
polating  the  ac  resistance  to  zero  frequency.  Note:  This  precludes 
the  further  use  of  the  second  part  of  the  equality  expressed  in  equation 
(6)  since  it  would  yield  a  non-independent  equation.  The  extrapolation 
implicitly  uses  the  resistance  of  the  film  as  a  basis.  Consequently, 
the  ratio  of  film  area  to  thickness  must  use  the  capacitance  of  the 
film  as  a  basis. 

The  dc  equivalent  circuit  of  the  cell  is  shown  in  Figure  92  for  all  con¬ 
ditions  except  for  an  open  circuit. 


FIGURE  92.  DC  EQUIVALENT  CIRCUIT  OF  A  MAGNESIUM  CEIL. 


Fran  Figure  92,  the  following  equation  can  be  derived  which  relates  the 
total  cell  dc  resistance  to  the  dimensional  properties  of  the  film  and 
constants  of  the  materials. 


I 

R 

where : 


(B) 


Pf 

P, 


dc  resistivity  of  the  corrosion  film 
resistivity  of  the  electrolyte 


L  -  separation  between  anode  and  cathode 


By  substituting  equation  (6)  into  equation  (8)  and  solving  for  the  film 
area,  the  expression  shown  in  equation  (9)  is  obtained. 


The  dc  resistivity  of  the  corrosion  film  is  determined  at  open  circuit 
since  at  this  point;  therefore,  from  equation  (9)  the  following 

relation  is  obtained; 

P,  -  ^  (10) 

A  third  Independent  equation  is  still  required  to  ctxnplete  the  analysis. 
This  equation  must  relate  the  total  anode  area  (A^)  to  current  density 
and  must  come  from  some  source  other  than  the  impedance  measurements. 

The  possible  ways  of  obtaining  the  third  Independent  equation  are  by: 

a.  directly  measuring  the  anode  area  as  a  function  of  current 
density. 

b.  assuming  that  the  anode  area  increases  linearly  with  current 
density  over  the  limited  operating  range  used  in  these  measure¬ 
ments. 
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Direct  measiirement  of  the  surface  area  can  be  accomplished  by  measuring 
the  gas  adsorption  on  the  surface,  or  by  electron  microscope  techniques 

The  second  method  for  obtaining  the  third  equation  will  be  used  here 
vintil  a  direct  measurement- technique  is  msuie  available.  The  assumption 
seated  j.ii  o.  above  provides  a  means  of  estijaaeing  ehe  ax’ea  at  the  high 
current  density  \rtiere  almost  all  of  the  equivalent  parallel  resistance 
of  the  cell  Is  due  to  the  electrolyte  shorting  through  to  the  anode. 
Therefore, 

I  =  P.  —  (“> 

The  assumed  variation  for  can  now  be  irrltten: 

^  =  aj  ♦.  (12) 

idiere: 


=  plane  area  of  the  anode 


The  evaluation  of  the  constant,  a,  gives  the  following  relation: 

.  =  (P  •  *0  (13) 


'1  • 


Where: 


-  apparent  current  density  at  which  the  anode 
efficiency  curve  levels  out. 

Rjj  =  resistance  at  that  point  where  the  anode  efficiency 
curve  levels  out.  This  point  corresponds  to  the 
point  where  the  film  is  negligible. 


It  should  be  noted  that  the  values  obtained  for  total  surface  area  from 
eqiiation  (12)  are  not  absolute  since  several  approximations  and  assump¬ 
tions  were  made  in  obtaining  the  equation.  Althou^  the  data  derived 
from  it,  along  with  the  data  from  equations  (6)  and  (9),  may  be  used 
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I 

as  a  coBiparison  basis  In  the  study  of  cells  of  different  con^sition. 
Since  the  saae  assim^lons  are  made  for  all  cells,  a  confident 
eoi!q;>arl8on  between  cells  can  be  accooqpllshed. 

3.5.1»^  Test  Procedure 

In  using  this  impedance  method  as  a  means  of  analysis  of  anode  films, 
the  following  measurements  and  calculations  are  required: 

a.  determine  resistance  and  capacitance  of  cells  vs  frequency 
(over  a  range  of  20  cps  to  5  kc)  at  open  circuit  and  at  various 
current  densities.  Plot  the  values  of  capacitance  vs  frequency 
over  a  log- log  scale  and  find  that  portion  of  the  curve  between 
the  electrolyte  cutoff  and  the  film  cutoff  points.  Choode 

a  frequency  in  the  middle  of  this  range  to  evaluate  the  data. 

b.  detemine  cell  voltage  vs  current  density. 

c.  detemine  all  of  the  constants  required  in  the  various  equations 
presented  in  Section  3»5«1»3  of  this  report. 

d.  detemine  the  total  anode  ama  vs  current  density  using  equation 
(12),  or  by  direct  measiirements  when  possible. 

e.  calculate  the  dc  resistance  of  the  cell  using  equation  (7). 

f .  calcTilate  from  equation  (9)  the  film  area  and/or  the  difference 
between  the  total  area  and  film  area. 

g.  detemine  from  equation  (4)  the  thickness  of  the  corrosion  film. 
3. 5.1,5  Comparison  of  AZ-21  and  C.P.  Magnesium  Anode  Cells 
Celi_Geometr^ 

In  applying  the  method  of  data  analysis  described  in  Section  3.5»1**^ 

■mull  symmetrical  cells  were  constructed.  These  cells  consisted  of  a 
cylindrical  anode  of  0.125-inch  dlaideter  suspended  in  the  geometric 
center  of  a  cylindrical  glass  container  ( 1.25-inch  diameter  x  2.5-lnche8 
high).  A  platinized  platinum  cathode  sheet  was  placed  around  the 

iiB.n  of  the  glass  container.  !niis  type  of  cell  construction  allows 
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for  easy  measurement  of  the  cell  dimensions.  Since  the  anode  is  small, 
the  cell  capacitance  is  also  relatively  smalj.  and  can  be  measured 
without  difficulty.  Although  the  data  obtained  are  specific  to  this 
type  of  cell-  geometry,  the  data  can  be  applied  to  any  other  cell 
geometry  by  simply  measuring  the  plane  area  of  the  anode  and  relating 
the  film  area  to  the  new  plane  area.  Note:  The  thickness  of  the  film 
remains  unchanged  regardless  of  the  anode  configuration. 

Constants  ^d  Fixed  Cell  Parameters 

The  electrolyte  and  film  cutoff  frequencies  vrere  found  to  occur  clo3P> 
together}  this  result  was  anticipated.  The  frequency  character!  's 
for  AZ-21  and  pure  magnesium  indicated  that  a  frequency  of  appro^ij mutely 
2000  cps  should  be  used  In  data  analysis. 

The  constants  and  fixed-cell  parameters  required  in  the  comparison  of 
AZ-21  and  C.P.  magnesivim  anodes  are  listed  in  Table  XXIII, 

Corrosion  Film  Data 


Figure  93  shows  the  total  anode  area  as  a  function  of  the  apparent 
current  density.  It  is  noted  that  the  true  current  density  may  be 
calculated  with  the  value  of  anode  area  obtained  from  Figure  93*  The 
values  for  cxirrent  density  for  this  type  cell  are  usually  based  on  the 
anode  plane  area  and  not  the  anode  true  area.  However,  these  data 
perait  the  calculation  of  current  density  based  on  the  true  anode  area. 

Figure  94  shows  the  difference  between  the  total  area  and  the  film  area, 

or  that  portion  of  the  anode  which  is  ejqpoaed  to  the  electrolyte. 
Physically,  this  area  difference  is  related  to  the  rate  of  corrosion- 
film  decay.  Figure  94  also  shows  the  film  volme  (a^,  x  t^),  per  unit 
of  total  area,  as  a  function  of  current  density.  The  significance  of 
this  figure  is  that  it  is  a  measxire  of  the  net  rate  of  growth  of  the 
corrosion  film.  By  combining  the  results  shown  in  Figure  94,  the  shape 
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CONSTANT  AND 

FIXED  PARAMETERS 

AZi-21  ALLOY 

MAGNESIUM 

Co  (coul^/n  cm^) 

1 

8.85  X  10'^^ 

8.85  X  lo"^^ 

K 

9.65 

9.65 

Pe  (ohm-cm) 

9.1 

9.1 

L  (cm) 

1.4 

Aq  (cm^) 

2.53 

2.53 

P f  (ohm-cm) 

1.64  X  10^^ 

1.21  X  10^^ 

a 

0.1975 

0.1015 

.. 

TABLE  X5CIIT.  CONSTAMTS  AMD  FIXED  PARAMETERS  FOR  EVALUATING  AZ-21 

C.P.  MACSIESIUM  ANODES. 


0 


12.5 


2.5  5  7.5  10 

APPARENT  CURRENT  DENSITY  (ma/cm^) 

(ML -26) 


FIGURE  93*  TOTAL  AHOEE  AREA  VS  APPAREHT  CURREHT  UEHSIW  FOR 
AZ-21  KAGmESHM  ALLOT  ABD  PURE  MACfflBSIUM. 
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FIGURE  9h.  EXPOSED  AHOEE  AREA  (A^  -  A^)  AHD  FIIM  VOUJME  PER  UHIT  TOTAL  AREA  VS  APPARENT  CURRENT  DENSITY 

(AZ-21  MAGNESIUM  ALLOT). 


of  the  anode  efficiency  curve  can  be  predicted.  This  prediction  is  pos¬ 
sible  because  the  anode  efficiency  is  directly  related  to  the  exposed 
anode  surface  and  to  the  rate  of  grovjth  of  the  corrosion  film.  Tliere- 
fore,  from  Figure  9*^,  the  efficiency  curve  for  AZ-21  will  rise  very 
rapidly  from  open  circuit  to  about  0.3  ma/cm  .  The  curve  will 
tb'-’n-  G'haEge  dlr®etl.oTi  s-bruptly  and.^-evei  off.  Tlie  point  rt  which  j 
levels  off  will  occur  at  about  2  to  4  ma/cm‘'. 

The  efficiency  curve  for  C.P.  magnesium  will  differ  considerably  from 
that  for  AZ-21.  The  initial  rise  in  efficiency  is  inhibited  by  the 
excessive  growth  of  film  at  low  current  densities.  Thus,  the  initial 
rise  will  be  more  gradual  than  for  AZ-21.  The  change  in  direction 
of  the  curve  will  start  at  about  2  ma/cm  and  will  be  much  more 
abrupt  than  the  change  in  the  AZ-21  curve.  The  curve  will  then 
level  out  at  about  5  to  7  ma/cm  .  Tliese  predictions  can  be  made 
by  comparing  the  slopes  of  the  film  growth  curve  and  the  exposed 
area  curve.  If  the  rate  of  film  growth  is  greater  than  the  rate  of 
surface  exposure,  the  efficiency  will  be  low  and  vice  versa  (Figure  95)* 


3»5«2  Impedance  Studies 


Cell  Impedance  is  an  Important  factor  affecting  the  performance  of  equipment 
in  many  electronic  applications.  Previous  data  have  shown  the  impedance  of 
magnesium  cells  to  be  greater  than  that  of  corresponding  Le  Clanche  cells. 


The  present  study  includes  an  intensive  investigation  of  the  impedance  of 
Mg/Mg(  ClOj^)  g/MnOg  and  Mg/l'1g(C10j^)2/Cu0  cells  as  a  function  of  shelf-life 
for  various  frequencies  and  load  conditions. 


The  experimental  apparatus  is  shown  in  Figure  96.  At  each  frequency,  the 

voltage  drop  across  fixed  resistor  R  is  measured  at  V  and  V  .  Then,  by 

^  y 

Ohm's  Law,  the  ac  current  flowing  through  the  battery  is; 


T^ere  is  the  battery  impedance.  3y  making  R»  R^,  the  following  approxima¬ 
tion  can  be  made: 
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FTGURft  95 •  EXPOSED  ANODE  AREA  (A^  -  A_)  AND  FIIM  VOLIM;  PER  UNIT  TOTAL  AREA  VS  APPARENT  CURRENT  DENSITY  OF 

PURE  MAGNESIUM, 


FIGURE  96,  EXPERIMENTAL  APPARATUS  FOR  IMPEDANCE  MEAI 


For  convenience  of  calculation,  R  was  set  at  1000  ohms  wd  at  1.00  volt 
by  the  amplitude  control  of  the  audio  oscillator. 

The  variation  In  impedance  Is  presented  In  Figure  97  at  6o  and  UOO  cps  as 
a  function  of  load  resistance  for  Mg/ldg( CIO,. )  ^^fc.0^  (Type  M)  AA-cells. 
Figure  98  gives  the  variation  in  Impedance  with  frequency  for  the  various 
discharges.  The  data  represent  initial  impedance  measured  on  cells  two 
weeks  old  at  approximately  50^^  discharge  to  a  0.90-volt  cutoff. 

3. 5. 2.1  CuO  Cells 

The  impedance  of  Mg/Mg(C10j^)2/Cu0  AA-cells  was  measured  at  various 
discharge  rates  over  a  frequency  range  of  6  to  10,000  cps.  The 
variation  In  Inqiedance  Is  presented  In  Figure  99  a^t  60  and  too  cps 
as  a  function  of  load  resistance.  Figure  100  gives  the  variation  of 
isqiedance  with  frequency  for  the  various  discharges.  The  impedance 
data  were  measured  on  cells  two  weeks  old  at  approximately  ^0^  dis¬ 
charge  to  a  O.T^'-volt  cutoff.  Results  are  similar  to  those  obtained 
with  magnesium'MnOg  cells  reported  above. 

Capacity  data  for  the  above  cells  discharged  through  h  ohms  to  100  ohms 
are  Included  in  Table  XHII.  Average  voltage  and  hours  of  service  were 
ccnputed  to  a  0.75-TOlt  cutoff. 

3. 5* 2. 2  Effect  of  Storage  on  Cell  Impedance 

Results  on  stored  cells  from  one-month  storage  at  113 *F  to  six-month 
storage  at  70*F)  showed  little  effect  of  storage  on  the  Impedance 
Mg/Hg(C10j^)2/Mn02  and  Mg/Mg(C10j^)2/Cu0  cells.  See  Table  XXV. 


3. 5. 2. 3  AZ-21  Impedance 

The  Impedance  of  magneslum/magneslum-perchlorate/manganese  dioxide 
(Type  M)  a-  cells  with  AZ-21  and  AZ-10  magnesium  alloys  was  measured 
at  a  50-ohm  continuous  discharge  rate  over  a  frequency  range  of  60  to 
10,000  cps.  Test  results  showed  that  the  impedance  of  AZ-21  alloy 
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FIGURE  97.  AC  IMPEDAMCE  VS  LOAD  RBSISTAIICE  OF  Mg/Mg{  CIO^)  ^MnOg  (TYPE  M)  AA-CELLS 

DISCHARGED  C<WTI1IW0USLY  THROUGH  VARIOUS  RESISTANCES  AT  70±2*F  AND  50±5^  R 
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FIOURE  99.  AC  IMPEDAHCE  VS  LOAD  RESISEAIfCB  OP  Mg/Mg(C10.  )2/CuO  AA-CELLS 
DISCHARGED  CORTIRUOUSLY  THROUGH  VARIOUS  RESISIAECES  AT 
70±  2*F  AMD  50±  yfi  R.H. 


was  slightly  less  than  that  of  the  AZ-10  alloy.  Impedance 
tests  showed  a  slight  increase  In  impedaiice  at  the  25-ohm  drain  for 
cupric-oxide  cells  and  the  50-ohm  drain  for  the  manganese- dioxide 
cells.  The  cupric-oxide  cell  Impedance  was  ohms  at  60  cps  and 
1.9  ohms  at  400  cps  as  compared  to  the  initial  values  of  2.8  ohms  and 
i^6  uluas.  xne  iiiangansse-dioxide  Impedance  was  V.2  ohms  ax-  60  cps 
and  2.1  ohms  at  400  cps,  as  compared  to  the  initial  /alues  of  k.O  and 
2.1  ohms. 

Cell  capacities  averaged  90%  retention.  Data  for  the  various  lots 
are  summarized  in  Table  XXIV. 

3. 5 *2. 4  Magnesium  Impedance 

It  has  been  shown  theoretically  that  the  corrosion  film  on  magnesium 
anodes  can  be  studied  directly  by  means  of  cell  impedance  measurements. 
The  resistance-ratio  bridge  used  for  impedance  measurements  was  shown 
to  have  more  than  sufficient  accuracy  and  sensitivity  for  these  studies. 
Fran  the  Impedance  data,  the  following  may  be  determined  as  a  function 
of  load  current. 

a.  an  approximation  of  the  true  anode  area. 

b.  the  portion  of  the  anode  area  covered  by  the  corrosion  film, 

c.  the  average  thickness  of  the  corrosion  film. 

This  method  is  useful  for  the  study  of  various  magnesium  alloys, 
inhibitors,  euid  electrolytes  and  in  demonstrating  their  effects  on 
anode  performance. 

Because  only  two  independent  measurements  were  made  (capacitance  and 
resistance),  only  two  independent  values  were  calculated.  The  true 
anode  area  was  estimated  on  the  basis  of  an  equation  empirically 
derived  from  the  test  data  or  measured  independently,  A  BETT  apparatus 
was  constructed  to  make  acc’orate  measursnents  of  the  total  surface  area. 
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TABLE  XXIV.  SUI-IMARI  OF  EATA  OR  AZ-21- ALLOY  I4AGNESrJM  ANODES, 


Tests  were  run  using  flat  AZ-21  magnesium  and  C.P.  magnesium  anodes 
in  2N  Mg( 0102^)2  over  a  current-density  range  of  0.1  to  10  ma/cm'", 
based  on  the  plane  area  of  the  anode.  See  Table  XXVII. 

3.6  METEOROLOGICAL  BATTEE«f 

At  the  request  of  the  Signal  Corps,  effort  was  devoted  at  the  end  of  the  contract 
to  the  design,  testing,  and  building  of  the  Mg-HgO  equivalert  of  the  ineteorogical 
battery  BA253/u.  Four  of  these  batteries  have  been  delivered  to  Signal  Corps 

I 

for  further  testing. 

3.6.1  Design 


The  battery  consists  of  four  cells,  connected  in  series,  each  of  vliich  have 
the  following  design: 

Anode  material:  C.P.  Magnesium 

Cathode  material:  10:1  HgO  +  Shawinigan  carbon  black 

Plate  Size:  I-I/8  x  2  inches 

Separator:  '  Filter  paper 

Electrolyte:  5N  Mg(C10j^)2 

These  four  cells  were  assembled  with  the  proper  hardware  into  a  battery  with 
a  "dry  weight"  of  approximately  60  grams,  the  battery  dimensions  are  3-1/2  x 
1-3/8  X  15/16  Inches  and  Its  wet  weight,  after  activation  in  electrolyte,  is 
approximately  90  grams. 


3.6.2  Activation  Procedure 

The  battery  is  activated  by  submerging  up  to  "line"  in  5N  Mg(ClOj^)^  for 
five  lulnutes.  The  excess  electrolyte  is  then  removed  by  shaking.  Then, 
after  a  five-minute  stand,  the  battery  is  ready  to  be  discharged. 


3.6.3 


perlment€^  Data 


3. 6. 3.1  Results  Obtained 


Samples  of  the  delivered  battery  were  tested  by  discharging  through 


3-61 


12  ohms  to  a  5*5  volt  cutoff  under  various  conditions  of  temperature. 

In  aQ.1  cases  except  room  temperature,  the  battery  •vras  insulated  by  1/8- 
inch  polyurethane  sheet;  no  insulation  was  used  at  room  temperature. 

The  discharge  curves  appear  in  Figure  101,  euid  the  battery  characteristics 
obtained  from  these  curves  appear  b®iow;  . 


Ambient  Temp. 

Avg.  Oper. 
Voltage 

Capacity 

Iftllization 

W-hr/lb 

- 7  '••SI . 

( volts ) 

(amp/hr) 

W 

♦Room 

7.2k 

1.49 

95 

53.6 

-58 

6.14 

.810 

52 

25 

lUO  (10  minutei 

?! . „6.31„.„ 

_ ^811. _ 

53 _ 

25.3^ 

then  -58 

♦Avg.  of  two  cells. 


In  an  attempt  to  improve  the  characteristics  at  the  -58*F  discharge, 
batteries  were  first  discharged  at  room  temperature  for  a  five -minute 
period  and  for  a  10-minute  period  before  being  placed  into  a  cold  box 
at  -58*F. 

The  discharge  curves  for  the  five-minute  and  10-mlnute  pre-cold-box 
treatment,  as  well  as  the  curve  for  no  pre- treatment,  appear  in  Figure  102 
The  characteristics  obtained  from  these  curves  appear  below: 


Pre-treatment 

(minutes) 

Avg.  Oper. 
Voltage 
(volts) 

Capacity 
( amp/hr) 

Utilization 

— Cf) — 

w-hr/lb 

None 

6.14 

.810 

52 

25 

5 

6.32 

.970 

62 

32 

10 

6.55 

1.09 

69 

37 

3.6.4  Conclusions 

The  following  conclusions  can  be  drawn  from  an  examination  of  the  e^qperlmental 
data  obtained: 

a.  A  meteorological  battery  which  can  deliver  in  excess  of  50  w-hr/lb. 
has  been  shown  possible  using  the  magnesium/mercuric-oxide  system. 

b.  With  proper  treatment,  this  battery  can  deliver  better  than  30  w-hr/lb 
at  -58*F. 
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MAGHESHM-MBRCURIC  oxide  meteorological  BAITKKI.  DISCa/^GED  IHROOCS  12  ORMS 


FIGURE  102.  FOUR-CELL  MACaHESIUM-MEKCURIC  OXIDE  METEOROLOGICAL  BATTERI.  IMPROVING  BATTW  CHARACTERISTICS 

AT  -58*F.  EOT  nOTIAL  DISCHARGES  AT  ROOM  TEMPERATURE. 


DISCHAEGS 

RESISTANCE 

(Ohms) 

SERVICE 

TO  0.75V  , 
(Hours) 

AvVERAGB 

VOLTAGE 

(Volts) 

^.5 

0.83 

6.6 

9.75 

0.84 

10,66 

20.5 

0.85 

16,66 

38 

0.86 

25 

58.5 

0.90 

50 

109 

0.97 

100 

184 

1.03 

.  CAPACITY _ 

w-hr/lb 

W-HR/IN^ 

28.0 

1.85 

37.6  • 

2.48 

50.2 

3.31 

60.7 

4.0 

68.7 

4.52 

73.7 

k,76 

70.5 

4.65 

Mr-67 


table  XXVT.  INITIAL  CAPACITY  DATA  FOR  HtAg(C10^)2/CVJ0  A-CELLS.  DISCHARGED 
CONTINUOUSLY  INTO  VARIOt®  RESISTANCES  AT  70  ±2*F  and  50^  R.H. 


4.1  RESERVE  CELLS 


4,  RiSca^-ffirrcATioNS  for  future  work 


The  low- temperature  characteristics  of  the  raagnesium/mercuric-oxide 
cell  should  be  more  fully  exploited.  Studies  of  cell  and  battery  d 
should  be  directed  toward  optimization  of  the  system,  especially  for 
applications  requiring  low- temperature  operation. 

Methods  of  controlling  or  adsorbing  the  heat  generated  of  magnesium  reserve 
cells  at  high  rates  should  be  continued  to  obtain  maximum  performance. 

4.2  DRY  CELLS 

Further  data  is  required  describing  the  characteristics  of  dry  cells  with 
AZ-21  magnesium  alloy  anodes.  The  preliminary  data  on  Mg-MnO^  is  very 
encouraging.  Electrolyte  fonnxilations  for  low-temperature  applications 
should  be  made  a  major  phase  of  this  program.  Package  design  for  low- 
tenqperature  use  should  be  Included  in  application  studies. 

4.3  RESEARCH  STUDIES 

The  research  studies  should  be  expanded  to  include  the  effect  of  electrolytes, 
inhibitors,  and  alloys  on  Impedance, and  relation  to  the  efficiency  of  the 
magnesium  anode. 


TABLE  XX7II.  SUMiARY  OF  DATA  ON  C.P.  MAGNESIUM  ANODES, 


AZ-21  MACaiESIUM 

AZ-10  OOWL-GNSSIUM 

CELL 

IMPEDANCE  IN  OHMS 

iMFMMi^E  IN  OHMS. 

TIMS 

VOLTAGE 

PREQUENCy  (V 

VOLTAGE 

Fl®f)4JJENCY 

( hours) 

(volts) 

“5o" 

loo 

Ik 

>T*1« 

(volts) 

60 

100' 

Ik 

lOk 

.25 

1.69 

3.5 

— 

■4.5 

— 

2.0 

1.47 

— 

0.96 

1.71 

3.8 

4.6 

:  2.4 

H 

B 

7 

1.56 

2.6 

2.3 

0.69 

0.58 

1.59 

3.*^ 

CM 

• 

:  1,7 

1.09 

0.69 

24- 

1.50 

2.9 

2.8 

1.20 

0.77 

0.57 

1.54 

3.6 

3.2 

i:  1,7 

1.07 

0.69 

32 

1.46 

2.9 

2.8 

1.14 

0.70 

0.57 

1.50 

3.5 

3.2 

r  1.6 

1.02 

0.70 

49 

1,00 

4.0 

3.4 

l.S** 

0.91 

0.70 

0.93 

h.O 

3.6 

1 1.5** 

0.99 

0.71 

MT-70 
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